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Simple Summary: Breast cancer is one of the most common malignant tumors in women, and
metastatic breast cancer usually has a poor prognosis. Hence, it is urgent to identify new biomarkers
to promote precise medication in breast cancer. LHX2 has been reported to promote the proliferation
of numerous solid tumors, but its role in breast cancer has not been elucidated. Our study explored
the prognostic value and the immune cell infiltration of breast cancer related to LHX2. We found that
LHX2 can serve as an independent prognostic factor in breast cancer. In vitro and in vivo experiments
confirmed that LHX2 promoted cell proliferation, migration ability, and invasive ability but inhibited
apoptosis in breast cancer. Immunohistochemistry and immunofluorescence experiments were
conducted to investigate LHX2-related immune infiltration in breast cancer tissues. A Western blot
assay proved that LHX2 activated the PI3K/AKT/mTOR pathway and the apoptosis pathway.

Abstract: Worldwide, breast cancer is the most common malignancy. LHX2, a member of the LIM
homeobox gene family and a transcription factor, plays a crucial role in numerous tumors, but the
function of LHX2 in breast cancer progression remains unknown. In this study, we show that LHX2
is upregulated in breast cancer tissues and positively correlated with breast cancer progression.
Meanwhile, the clinical characteristics of breast cancer and LHX2 expression showed a strong
correlation. GSEA showed that a high LHX2 expression may activate the T-cell activation pathway,
PI3K/AKT/mTOR signaling pathway, and apoptosis pathway. Moreover, ssGSEA showed that Th1
cells and Th2 cells had a positive correlation with LHX2 expression in breast cancer. Experiments
showed that LHX2 promotes the proliferation, colony formation, migration, and invasion of breast
cancer cells. Immunohistochemistry and immunofluorescence assays helped to analyze LHX2-
associated immune infiltration in breast cancer. A Western blot assay proved that LHX2 activated
the PI3K/AKT/mTOR pathway and the apoptosis pathway. A TUNEL assay confirmed that LHX2
inhibited apoptosis. Taken together, LHX2 plays a vital role in breast cancer’s progression and
prognosis and could be an immune infiltration biomarker for breast cancer, and LHX2 activates the
PI3K/AKT/mTOR pathway and apoptosis pathway in breast cancer.

Keywords: LHX2; breast cancer; immune infiltration; prognosis; pathway

1. Introduction

Breast cancer (BC) is the most common type of malignant tumor in women, with high
heterogeneity and a high tendency for metastasis [1]. Despite the significant progression in
BC therapy, the prognoses for some patients with breast cancer are still poor [2]. Metastasis
is the principal cause of BC’s high mortality rate [3]. Many patients miss timely treatment
because of the lack of an accurate diagnosis. Evidently, there is an urgent need to identify
new biomarkers to promote precise medication in BC.

LIM-homeobox gene 2 (LHX2), a member of the LIM gene family, has been identified
due to its homeobox domain and cysteine-rich LIM domain. LHX2 functions as a nuclear

Cancers 2023, 15, 2773. https:/ /doi.org/10.3390/ cancers15102773

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers15102773
https://doi.org/10.3390/cancers15102773
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://doi.org/10.3390/cancers15102773
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers15102773?type=check_update&version=1

Cancers 2023, 15, 2773

20f19

transcription co-factor and is reported to be involved in many important physiological
processes, such as cell division, cell proliferation, specific cell-type differentiation, and
cerebral cortex development [4]. In addition to its specific physiological functions, LHX2 is
also implicated in the occurrence and development of esophageal squamous cell carcinoma
and hepatocellular carcinoma [5,6]. However, its potential function and immunology
mechanism in breast cancer remain unclear.

In this study, we first analyzed the expression levels of LHX2 in many malignancies by
conducting a pan-cancer analysis. Then, we explored its prognostic value and association
with the clinicopathological features of breast invasive carcinoma (BRCA). Given its great
prognostic value and strong clinicopathological correlation, we further examined the
functions of LHX2 in BRCA by utilizing a gene oncology (GO) enrichment analysis, Kyoto
encyclopedia of genes and genomes (KEGG) analysis, and gene set enrichment analysis
(GSEA). The results show that LHX2 mainly assisted immune-related pathways and tumor-
related pathways. Then, we further analyzed the immune infiltration of BRCA related
to LHX2. The PI3K/AKT/mTOR pathway and apoptosis pathway were also enriched
in high-LHX2-expression groups. We later investigated the complex relations among
the PI3K/AKT/mTOR pathway, apoptosis pathway, and immune infiltration of BRCA.
Finally, we confirmed that LHX2 promoted the cell proliferation, migration ability, and
invasion ability of breast cancer through in vitro and in vivo experiments. Furthermore,
immunohistochemistry and immunofluorescence experiments verified that LHX2 promoted
the expressions of infiltrating T cells and CD4 + T cells in breast cancer, and a Western blot
assay demonstrated that LHX2 activates the PI3K/AKT/mTOR pathway and apoptosis
pathway. Using a TUNEL assay, LHX2 was confirmed to inhibit apoptosis.

2. Materials and Methods
2.1. Data Resources

All of the mRNA expression data were downloaded from the TCGA database
(https://portal.gdc.cancer.govz accessed on 8 August 2022). The data set we used was
showed in Table S2. The human protein atlas (https:/ /www.proteinatlas.org accessed on 8
August 2022) was employed to examine the subcellular localization of LHX2 in BRAC.

2.2. Differential Expression of LHX2

We performed pan-cancer analyses to compare the expressions of LHX2 in tumor and
normal tissues in the TCGA database, using the Wilcoxon rank sum test. The same method
was employed to detect the differential expression of LHX2 in unpaired samples of BRCA.
Paired samples were analyzed using the Wilcoxon signed rank test, and boxplots and
scatterplots were produced using the ggplot2 package (3.3.3). We estimated the diagnostic
performance of LHX2 using receiver operating characteristic (ROC) curves with the pROC
package (1.17.0.1).

2.3. Prognostic Analyses of Different Malignancies

We conducted a log-rank test to examine the correlation between LHX2 expression
and the overall survival and disease-specific survival of patients. The datasets were
sorted by LHX2 expression level from low to high. The expression level of 0-50% was
considered the low-LHX2-expression group, and the expression level of 50% to 100%
was considered the high-LHX2-expression group. Kaplan—-Meier curves were calculated
to show the difference between the LHX2-low and LHX2-high groups in adrenocortical
carcinoma (ACC), BRCA, esophageal adenocarcinoma (ESAD), low-grade glioma and
glioblastoma (GBMLGG), kidney renal clear cell carcinoma (KIRC), and mesothelioma
(MESO) by employing survival R packages (3.2-10). Then, we used the Cox regression
module to evaluate the influence of LHX2 and clinical variables on the prognosis of BRCA.
Based on univariate and multivariate analyses, we constructed a nomogram with the RMS
package (6.2-0) and survival package (3.2-10) to quantify the prognosis of BRCA. The
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survminer R package (0.4.9) and ggplot2 R package (3.3.3) greatly assisted in creating the
plots. The sample size of each subgroup is shown in Supplementary Table S1.

2.4. Analyses of Clinicopathological Features of BRCA

The Wilcoxon rank sum test was utilized to calculate the correlation between multiple
clinicopathological features of BRCA and the expression of LHX2. The ggplot2 R package
(3.3.3) was used for data visualization. The sample size of each subgroup is demonstrated
in Supplementary Table S1.

2.5. Detection of Differential Expressed Genes (DEGs) and Functional Enrichment Analyses

DEGs between high-LHX2-expression and low-LHX2-expression BRCA groups were
identified using the unpaired Student’s t-test within the DESeq2 package. Genes with an
adjusted p value of less than 0.05 and a log fold change larger than 1.5 were considered to
have a statistically significant differential expression. All the DEGs are presented in volcano
plots. We performed a GO analysis to make annotations for these DEGs. GSEA was used to
enrich the corresponding pathways with LHX2. A false discovery rate less of than 0.25 and an
adjusted p value of less than 0.05 were considered to be statistically significant. Both the GO
analysis and GSEA analysis were performed using the clusterProfiler R package (3.14.3).

2.6. Immune Cell Infiltration

We performed a single-sample gene set enrichment analysis (ssGSEA) using the GSVA
R package to ascertain the correlation between the expression of LHX2 and the infiltration
levels of 24 kinds of immune cells in BRCA. The differential enrichments of immune cells
between the high-LHX2-expression and low-LHX2-expression groups were detected using
the Wilcoxon rank sum test. Spearman’s correlation revealed the relationship between the
enrichment of immune cells and the expression of LHX2.

2.7. Cell Culture

Breast cell lines BT-549 and SKBR-3 and murine cell line 4T1 were purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences. All cells were cultured in DMEM
with 10% fetal bovine serum in a 37 °C constant temperature incubator containing 5% CO,.

2.8. Real-Time Quantitative PCR

The RNA expression of LHX2 in the breast cancer cell lines was detected using real-
time quantitative PCR. We extracted total RNA using the TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) and synthesized cDNA using HiScript II Reverse Transcriptase (Vazyme,
Nanjing, China). The real-time quantitative PCR was performed with Hieff® gqPCR SYBR
Green Master Mix (Yishen, Shanghai, China). The relative mRNA expression level was
standardized using GAPDH and analyzed by using the 2722t method. All samples were
detected in triplicate. The primer sequences used in the real-time quantitative PCR are
shown in Supplementary Table S3.

2.9. Transfection

The siRNAs and pcDNA 3.1 plasmids of LHX2 were purchased from Tsingke Biotech-
nology Co., Ltd. (Beijing, China). The siRNAs were transfected with the lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA), and the pcDNA plasmids were transfected
with linear polyethylenimine (PEI) MW40000 (Yeasen Biotechnology Co., Ltd. (Shanghai,
China)) according to the manufacturers’ protocols. The sequences of two small interfering
RNAs (siRNAs) designed to knock down LHX2 are shown in Supplementary Table S3.

2.10. CCK-8 Assay

Cell viability was analyzed using a Cell Counting Kit-8 (CCKS8, Beyotime, Shanghai,
China) according to the manufacturer’s protocols. The cells were seeded and cultured
at a density of 2 x 103/well in 200 uL of the medium into 96-well microplates (Corning,
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New York, NY, USA) at 24 h after transfection. The absorbance was analyzed at 450 nm
using a microplate reader (Bio-Rad, Hercules, CA, USA) at the times of 0, 24, 48, 72, and 96
h. Five duplicates were detected at each time point.

2.11. 5-Ethynyl-2'-Deoxyuridine (EAU) Assay

The effect of LHX2 on the proliferation of SKBR-3 and BT-549 cells was evaluated via
a 5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay, using an EdU assay kit (Ribobio,
Guangzhou, China) according to the manufacturer’s protocol. BT-549 cells were cultured
in 96-well plates at 5 x 10% cells/well, and SKBR-3 cells were cultured at 8 x 10% cells/well
24 h after transfection. Three re-wells were laid each time, and all experiments were
repeated three times. Finally, the nuclei of the cells were dyed with 100 L of Hoechst
33,342 (5 pg/mL) for 20 min and visualized with fluorescent microscopy (IX71; Olympus,
Tokyo, Japan).

2.12. Colony Formation Assay

Next, 2 mL of cell suspension containing 2000 cells was inoculated into 6-well plates
for a continuous culture until visible clones appeared. Then, the cells were fixed with 4%
paraformaldehyde and stained with a 0.1% crystal violet solution for 15 min. After wash-
ing twice with PBS, the plates were photographed using a digital camera. Positive colony
formation, defined as colonies with more than 50 cells, was determined via manual counting.

2.13. Transwell Assay

To assess invasion ability, the upper chamber of each filter was covered with 10 pg
of Matrigel (BD), which was evenly spread and placed in a 37 °C incubator for 2 h. The
serum-free cell suspension was then added to the filter, and the lower chamber was filled
with 10% FBS. After 24 h of incubation at 37 °C, the non-invasive cells were swabbed
from the upper chamber. Then, the cells on the lower side of the filter were fixed with 4%
paraformaldehyde for 30 min and dyed with a 0.03% crystal violet solution for 10 min.
Three fields of adherent cells in each well were randomly photographed and counted. The
same experiment was conducted to assess migration ability but without the use of filters
pre-coated with Matrigel.

2.14. Wound Healing Assay

After transfection, the SKBR-3 and BT-549 cells were seeded in 6-well plates
(1 x 10° cells/well) 24 h before the experiment. We drew three lines on the back of the
six-well plate as reference lines. The next day, we scratched a straight line in the cells in the
middle of the six-well plate with a 100 puL pipette tip, and the scraped cells were washed off
with PBS. The wounds of each group were recorded at 0 h and 6 h according to the position
of the reference line marker. This was repeated three times for each set. The wound healing
area was quantified using Image J 2.3.0.

2.15. Flow Cytometry

SKBR-3 (1.5 x 10° cells/well) and BT549 (1 x 10° cells/ well) cells were seeded in
6-well plates. After 48 h of treatment, the cells were labeled using an Annexin V-FITC/PI
Apoptosis Detection Kit (Beyotime, Shanghai, China), and cell staining was performed
according to the manufacturer’s protocol. The cells were evaluated using flow cytometry
(FACS Calibur, BD Biosciences, San Jose, CA, USA).

2.16. In Vivo Assay

SKBR-3, BT-549 cells, and 4T1 cells were infected with the obtained lentiviruses and
stably expressed sh-NC and sh-LHX2 after puromycin filtration. All animal experiments
were approved by the Ethics Committee of Nanjing Medical University. All animals were
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
SKBR-3 and BT-549 cells (5 x 10° cells resuspended in 100 pL of PBS) were inoculated
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subcutaneously in the axilla of BALB/c nude mice (4-week-old, female), and 4T1 cells
(5 x 106 cells resuspended in 100 uL of PBS) were inoculated subcutaneously in the axilla
of C57BL/6 mice (5-week-old, female). Each group had five replicates. We incubated the
si-NC group in the left axilla, and si-LHX2 in the right. We used calipers to measure tumor
diameter every 3 days, and we calculated the tumor volume using the following formula:
(shortest diameter) /2 x (longest diameter)/2. Three weeks after inoculation, we weighed
the tumors.

2.17. Western Blotting Assay

An equal amount of protein was subjected to 10% SDS-PAGE and then transferred to
a 0.45 um pore size PVDF membrane (Millipore, Billerica, MA, USA). After blocking with
5% non-fat milk, the membrane was incubated with primary antibodies at 4 °C overnight
and with secondary antibodies at room temperature for 1 h. Bound antibodies were detected
using an ECL Plus Western blotting substrate (ThermoFisher, Waltham, MA, USA) and using
the enhanced chemiluminescence detection system (ThermoFisher, Waltham, MA, USA).
Band densities were quantified using Image] software. The relative amount of protein was
determined by normalizing the densitometry value of interest to that of the loading control.
All the antibodies used in the Western blotting assay are shown in Supplementary Table S3.

2.18. Immunohistochemistry (IHC)

Paraffin-embedded sections were first deparaffinized with xylene and then hydrated
with gradient ethanol, followed by the removal of endogenous catalase. After antigen retrieval
and blocking, primary antibodies were incubated overnight at 4 °C (antibodies are shown
in Supplementary Table S3), and an HRP-polymer mouse/rabbit kit (AiFang, AFIHC001,
Changsha, China) was used for 1 h at room temperature. IHC staining was conducted using
a DAB chromogenic kit (AiFang, AFIHC004, China) and a hematoxylin staining solution
(AiFang, AFIHC005, China). The IHC results were quantified using Image J.

2.19. Immunofluorescence

The paraffin sections were deparaffinized and hydrated, antigen-repaired, and sequen-
tially blocked with hydrogen peroxide and serum. The sections were then incubated with the
CD3 primary antibody (4 °C overnight), and the secondary antibody (488 Goat Anti-Rabbit
IgG, green) was incubated the next day (1 h at room temperature). Then, the sections were
microwaved, and they were blocked with serum. The CD4 antibody and the corresponding
secondary antibody (HRP Goat-Anti-Rabbit IgG) were incubated into the sections, followed
by the addition of 50 pL TYR-570 fluorescent dye (red) (AiFang, China). All the antibodies
are shown in Supplementary Table S3. Finally, the nuclei were counterstained with DAPI
(C1002, Beyotime, China), and the slides were sealed after self-light fluorescence quenching.
The images were taken with a positive fluorescence microscope (NIKON ECLIPSE C1, Tokyo,
Japan), and the resulting images were quantified using Image J.

2.20. TdT-Mediated dUTP Nick-End Labeling (TUNEL) Assay

The paraffin sections were deparaffinized to water and then subjected to proteinase K
(ST533, Beyotime, China) repair, followed by membrane rupture with a membrane-breaking
fluid (G1204, Servicebio, Wuhan, China) and the addition of a TUNEL reaction solution
(C1088, Beyotime, China). Finally, the sections were sealed after DAPI (C1002, Beyotime,
China) counterstaining. Pictures were taken with a positive fluorescence microscope
(NIKON ECLIPSE C1, Japan), and they were quantified using Image J.

2.21. Statistical Analysis

Statistical analyses were performed using R project (3.6.3) or GraphPad Prism 9.0 (Graph-
Pad Software, San, Diego, CA, USA). All experimental results were analyzed using GraphPad
Prism 9.0 (GraphPad Software, USA). The significance of the differences between the experi-
mental groups was estimated by using Student’s t-test or the Wilcoxon test, where appropriate.
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3. Results
3.1. LHX2 Is Highly Expressed in BRCA

With the Wilcoxon rank sum test, we first utilized pan-cancer analyses to demonstrate
LHX2 mRNA expression in different tumors. The mRNA expression of LHX2 was greatly
increased in BRCA, ACC, bladder urothelial carcinoma (BLCA), cervical squamous cell
carcinoma and adenocarcinoma (CESC), and most other tumors, despite the opposite results
appearing in a few types of tumors (Figure 1A). Moreover, we compared the expression of
LHX2 in 1109 breast cancer tissue samples and 113 para-cancerous samples in the TCGA
BRCA dataset, and we found that LHX2 expression was upregulated in breast cancer tissues
compared to normal tissues (Figure 1B). We obtained the same result when comparing
113 paired samples of BRCA (Figure 1C). Moreover, an ROC curve was calculated to explore
the diagnostic ability of LHX2. The AUC (area under the curve) was 0.868, suggesting that
LHX2 could be a diagnostic molecule for BRCA (Figure 1D).
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Figure 1. Differential expression levels of LHX2 in different malignancies. (A) The expression of
LHX2 in various cancers compared with in normal tissues in TCGA database. (B,C) Differential
expression level of LHX2 in BRCA. (D) An ROC curve to test the value of LHX2 in identifying BRCA
tissues. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Prognostic Value of LHX2 in BRCA

To explore the prognostic value of LHX2, we analyzed the overall survival (OS) and
disease-specific survival (DSS) related to the expression of LHX2 in malignancies. We found
that a high expression of LHX2 in ACC, ESAD, GBMLGG, KIRC, and MESO indicated poor
OS (p < 0.05). Similarly, DSS was significantly higher in the LHX2-low groups (p < 0.05)
(Figure S1). It was notable that LHX2 was a hazard in patients with BRCA, where a higher
LHX?2 expression indicated poor OS (p = 0.035; Figure 2A) and DSS (p = 0.042; Figure 2B).

Then, we conducted univariate and multivariate Cox regression analyses to further
determine the prognostic significance of LHX2 in BRCA. In the univariate analyses, LHX2
was significantly associated with OS (HR: 1.412, 95% CI: 1.024-1.945, p = 0.035; Figure 2C).
The multivariate Cox regression analyses illustrated that LHX2 had an independent capacity
for the prognosis prediction of BRCA (HR: 1.507, 95% CI: 1.049-2.166, p = 0.027; Figure 2C).

To quantitatively predict the prognosis of BRCA, we constructed a nomogram with
LHX2 and the clinical prognostic factors from the univariate and multivariate analyses; the
C-index was 0.699 (0.672-0.726). The probability of survival of patients with BRCA at 3, 5,
and 10 years was also determined (Figure 2D). This nomogram’s ability to predict 3 years’,
5 years’, and 10 years’ survival is indicated by calibration plots (Figure 2E).
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Figure 2. Prognostic analysis of LHX2 in BRCA. (A,B) Kaplan—Meier overall survival (OS) and
disease-specific survival (DSS) for samples in high- and low-LHX2 groups in BRCA in TCGA database.
(C) LHX2 was found to be an independent prognostic factor using univariate and multivariate Cox
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3.3. Association between LHX2 Expression and Clinicopathological Features

In total, 1222 samples with LHX2 expression were collected from TCGA and analyzed
using the Wilcoxon rank sum test. The expression of LHX2 was higher in larger tumors with
distant metastasis than in small tumors with no remote lesions (Figure 3A,C). LHX2 had a
lower expression in pathological stage I than in other stages (Figure 3D). However, LHX2
expression showed little difference in the lymphatic metastasis of BRCA (Figure 3B). In
addition, LHX2 expression was upgraded in HER-2 (+) samples while being downgraded
in PR (+) and ER (+) samples (Figure 3E-G). According to the PAMS50 grading system, we
consistently found that LHX2 was highly expressed in Her-2 (+) and basal-like samples
(Figure 3]). HER-2 positive breast cancer and basal-like breast cancer areT more likely to
harbor TILs in the TME, and they receive more clinical benefits by using immunotherapy
than luminal breast cancer [7]. Interestingly, samples from post-menopausal women seemed
to have higher levels of LHX2 expression than those from young women (Figure 3H), which
indicates a hypothetical connection between LHX2 expression and the level of estrogen
and progesterone.
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Figure 3. Correlation between the expression of LHX2 and clinicopathological characteristics of
BRCA, including (A) T stage, (B) N stage, (C) M stage, (D) pathological stage, (E) PR status, (F) ER
status, (G) HER?2 status, (H) menopause status, (I) race, and (J) PAM50 in TCGA database. * p < 0.05,
**p <0.01, ** p < 0.001.

3.4. Subcellular Location of LHX2 and Functional Enrichment Analyses of LHX2-Related Genes in BRCA

To further clarify the function of LHX2, we confirmed the subcellular location of
LHX?2. It is mainly localized to the cell nucleus according to the human protein atlas
(https:/ /www.proteinatlas.org/ENSG00000106689-LHX2 /subcellular#human accessed
on 23 April 2023) (Figure 4A) and usually acts as a transcription factor in the cell nu-
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cleus [8]. Then, we calculated the DEGs between the LHX2-high and LHX2-low groups
in BRCA (adjusted p-value < 0.05, | Log2-fold change| > 1.5) (Figure 4B). Subsequently,
we conducted GO and KEGG enrichment analyses to explore the functional enrichment
information of LHX2-related genes. In terms of biological processes, LHX2-related genes are
involved in the humoral immune response, the protein activation cascade, and cornification.
With regard to cell components, LHX?-related genes are gathered in the immunoglobu-
lin complex, cornified envelope, and immunoglobulin complex, circulating. Regarding
molecular functions, these genes are enriched in antigen binding, cytokine activity, and
immunoglobulin receptor binding. The KEGG analysis showed that LHX2-related genes
were enriched in the cytokine—cytokine receptor interaction, the IL-17 signaling pathway,
and maturity-onset diabetes of the young (Figure 4C). Finally, GSEA illustrated significantly
enriched pathways in the high-LHX2-expression phenotype, including the T-cell activa-
tion pathway, interferon-gamma-mediated signaling pathway, humoral immune response
pathway, PI3K/AKT/mTOR signaling pathway, apoptosis pathway, and G2M checkpoint
pathway (Figure 4D,E).
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Figure 4. Subcellular location and functional enrichment analysis of LHX2-related DEGs in BRCA.
(A) Subcellular location of LHX2 in MCF-7 cells. (B) Volcano plots of the LHX2-related differential
expressed genes (DEGs). (C) GO annotations and pathways enriched by GO and KEGG analyses
of LHX2-related genes in BRCA. (D,E) Significantly enriched pathways in high-LHX2-expression
phenotype from GSEA.
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3.5. Immune Infiltration Correlated with LHX2 Expression in BRCA

According to the function enrichment analyses, the function of LHX2 may center on the
immunity of BRCA. Immune infiltration is quite complex in the tumor microenvironment
(TME). Tumor-infiltrating lymphocytes (TILs) are a vital part of the TME, and they have
received great attention due to the clinical success of immune checkpoint blockades. The
absence of TILs results in a poor immune checkpoint blockade response [9-11]. Hence, we
further explored the immune infiltration of BRCA corresponding with LHX2 expression.
In our study, we demonstrated the correlation between LHX2 expression in BRCA and all
kinds of immune cells (Figure 5A). In particular, the high-LHX2-expression group scored
higher in both immune scores and estimated scores, which may be indicative of the high
immune infiltration of BRCA (Figure 5B). In more detail, Thl cells, Th2 cells, Treg, and
activated DC (aDC) cells had a positive correlation with the expression of LHX2 in BRCA
(Figure 5C,D). For a further immune infiltration analysis, we divided the 4T1 cells into the
si-NC group and the si-LHX2 group (LHX2 knockdown). Subcutaneous tumor formation
was then performed in C57BL/6 mice. Subsequently, the tumor tissues were analyzed
using immunohistochemistry and immunofluorescence. We used immunohistochemistry
to detect the different expressions of CD3 and CD4 in the tumor tissues of the two groups.
CD3 marked tumor-infiltrating T cells, which play a vital role in the TME. We found that
the CD3 level in the si-LHX2 group was significantly lower than that in the NC group
(Figure 5E), which indicates that the expression of tumor-infiltrating T cells was positively
correlated with the expression level of LHX2. CD4 marked CD4 + T cells, including Th2
cells and Thl1 cells, which were positively correlated with LHX2 expression levels and the
highest correlation coefficient in the bioinformatics analysis. The immunohistochemical
results showed that the CD4 level of the si-LHX2 group was also lower than that of the
NC group (Figure 5E), and the results were statistically significant, which was consistent
with the results of the bioinformatics analysis. To further explore the effect of LHX2 on the
expression levels of CD3 and CD4, as well as their relative expression levels, we performed
immunofluorescence double-labeling experiments. The results were consistent with the
immunohistochemistry results, and CD4/CD3 was also decreased in the si-LHX2 group
(Figure 5F). In conclusion, the expression level of LHX2 is related to the immune infiltration
of breast cancer.

3.6. LHX2 Regulates BRCA Cell Proliferation Migration, Invasion Ability, and Apoptosis In Vitro

To confirm the role of LHX2 in breast cancer, we detected the expression level of
LHX2 in breast cancer cell lines, and the two cell lines with the highest LHX2 expression
were selected for subsequent functional experiments (Figure S2A). Then, we manipulated
the expression of LHX2 in SKBR-3 and BT-549 cells via siRNA-mediated downregulation
and plasmid-mediated overexpression (Figure 52B,C). The CCK-8 assay showed that the
proliferation of BRAC cells was inhibited upon the downregulation of LHX2 (Figure 6A)
and that it was promoted when LHX2 was upregulated (Figure 7A). The clonogenic capacity
was significantly decreased following the downregulation of LHX2 (Figure 6B). On the
contrary, overexpressed LHX2 promoted the clonogenic capacity (Figure 7B). Consistently,
we obtained the same results in the EAU assay (Figures 6C and 7C). Then, the cell apoptosis
assay indicated that the number of apoptosis cells increased in LHX2-silenced SKBR-3 and
BT-549 cells (Figure 6D), while the apoptosis ability was restrained in LHX2-overexpressed
cells (Figure 7D). Furthermore, Transwell assays revealed that the downregulation of
LHX2 suppressed the cell migration and invasion of SKBR-3 and BT-549 cells, while the
upregulation of LHX2 promoted them (Figure 6E,F and Figure 7E,F). The wound healing
assays also verified that LHX2 enhanced the migration ability of SKBR-3 and BT-549 cells
(Figures 6G and 7G).
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Figure 5. The expression level of LHX2 was correlated with the immune infiltration of BRCA.
(A) Correlation between 24 immune cells and the expression of LHX2 in BRCA. (B) The immune
score and ESTIMATE score in low-LHX2-expression and high-LHX2-expression groups in BRCA.
*** p < 0.001. (C) The plots show the differential infiltration levels of Th2 cells, Th1 cells, Treg cells,
and activated DC cells between LHX2-low and -high groups. *** p < 0.001. (D) Correlation diagrams
illustrate the positive correlation between enrichment of Th2 cells, Th1 cells, Treg cells, and activated
DC cells and the expression of LHX2. (E) Immunohistochemistry analyses of CD3 and CD4 protein
expressions in si-NC and si-LHX2 groups. Data represent mean 4+ SEM, ** p < 0.01, scale bar 50 uM.
(F) Double immunofluorescence labeling of CD3 and CD4 protein expressions in si-NC and si-LHX2

groups. Data represent mean & SEM, * p < 0.05, ** p < 0.01, scale bar 20 pM.
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Figure 6. Downregulation of LHX2 inhibited breast cancer cell proliferation, migration, and invasion
ability and promoted apoptosis in vitro. (A) CCK8 assays were performed to determine proliferation
of SKBR-3 and BT-549 cells after transfection of siRNA of LHX2. ** p < 0.01. (B) Colony formation
assays of SKBR-3 and BT-549 cells after downregulation of LHX2. ** p < 0.01. (C) EdU assays of
SKBR-3 and BT-549 cells transfected with siRNA of LHX2. ** p < 0.01, scale bar 100 uM. (D) Apoptosis
in SKBR-3 and BT-549 cells after transfection of shRNA of LHX2 analyzed using flow cytometry.
**p <0.01. (EF) Transwell assays were used to investigate the changes in migration and invasiveness
capability of SKBR-3 and BT-549 cells after downregulation of LHX2. ** p < 0.01, scale bar 100 uM.
(G) Wound healing assays were used to investigate the changes in migration capability of SKBR-3
and BT-549 cells after downregulation of LHX2. ** p < 0.01, scale bar 100 uM.
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Figure 7. Overexpression of LHX2 promoted breast cancer cell proliferation, migration, and invasion
ability and suppressed apoptosis in vitro. (A) CCK8 assays detected proliferation of SKBR-3 and
BT-549 cells after overexpression of LHX2. ** p < 0.01. (B) Colony formation assays of SKBR-3
and BT-549 cells transfected with an overexpression plasmid of LHX2. ** p < 0.01. (C) EdU assays
of SKBR-3 and BT-549 cells after transfection of overexpression plasmid of LHX2. ** p < 0.01,
scale bar 100 uM. (D) Apoptosis in SKBR-3 and BT-549 cells after transfection of overexpression
plasmid of LHX2 analyzed using flow cytometry. ** p < 0.01. (E F) Transwell assays investigated the
changes in migration and invasiveness capabilities of SKBR-3 and BT-549 cells after overexpression of
LHX2. ** p < 0.01, scale bar 100 uM. (G) Wound healing assays investigated the changes in migration
capability of SKBR-3 and BT-549 cells after overexpression of LHX2. ** p < 0.01, scale bar 100 uM.
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3.7. LHX2 Regulates BRCA Cell Proliferation In Vivo

To further validate whether LHX2 influenced the cell proliferation of breast cancer
in vivo, SKBR-3 and BT-549 cells were stably transfected with sh-LHX2 and a control
vector, and they were inoculated into BALB/c nude mice subcutaneously in the left and
right axilla, respectively. Tumor volumes were calculated every 3 days after injection.
Three weeks after inoculation, the weights of the tumors were recorded. The results show
that the downregulation of LHX2 inhibited the cell proliferation of breast cancer in vivo
(Figure 8A,B).
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Figure 8. LHX2 regulates breast cancer cell proliferation in vivo. (A,B) shLHX2 was stably transfected
into SKBR-3 and BT-549 cells and then injected into nude mice. (C) 4T1 cells were stably transfected
with shLHX2 and then injected into C57BL/6 mice. Tumor volumes were calculated using the
following formula: (shortest diameter)/2 x (longest diameter)/2. Tumor weights are represented as
the means of tumor weights + S.D. (standard deviation). ** p < 0.01.

In addition, 4T1 cells, a murine cell line, were stably transfected with sh-LHX2 and a
control vector. Then, the 4T1 cells from the si-NC and si-LHX2 groups were injected into
the left and right axilla of C57BL/6 mice, respectively. The longest and shortest diameters
of the tumor were measured every three days thereafter to calculate the tumor volume.
After 21 days, the tumors were removed and weighed. We found that LHX2 also inhibited
the cell proliferation of 4T1 cells (Figure 8C). Immunohistochemistry, immunofluorescence,
and a TUNEL assay were performed on these tumor tissues to explore the mechanism of
LHX2 in breast cancer immune infiltration and apoptosis.

3.8. LHX2 Activates the PI3K/AKT/mTOR Pathway and Apoptosis Pathway in Breast Cancer

According to our previous GSEA results, the PI3K/AKT/mTOR pathway and apop-
tosis pathway were enriched in the high-LHX2-expression phenotype. As was reported,
LHX2 can promote the malignant behaviors of tumors through AKT signaling [11]. AKT can
promote the progression of breast cancer through the action of HSP90 [12]. The PI3K/AKT
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pathway played a major role in tumorigenesis [13-16], and it interacts with the apoptosis
pathway by inhibiting Bcl-2 [17]. LHX2 was found to induce autophagy through mTOR
signaling [18]. To establish whether LHX2 activates the PI3K/AKT/mTOR pathway and
apoptosis pathway in breast cancer, we conducted a Western blotting assay to detect the
signature proteins in these pathways, including PI3K, p-PI3K, Akt, p-Akt, Bcl-2, and Bax.
Phosphoinositide 3-kinase (PI3K) and Akt served to maintain cell proliferation and apop-
tosis [17]; P-Akt and p-PI3K are their active forms. Akt is a key effector of PI3K and an
important survival kinase [19]; Akt signaling contributes to tumor growth and progres-
sion [20]. Bcl-2 inhibits apoptosis, and Bax is an important protein that promotes apoptosis;
the functional interaction between them is conserved [21]. As a result, LHX2 overexpression
upregulated p-PI3K, p-Akt, and Bcl-2, while it suppressed Bax in both SKBR-3 cells and
BT-549 cells. By contrast, the LHX2 downregulation groups recorded the opposite results.
The Western blot results indicated that LHX2 activated the PI3K/AKT/mTOR pathway and
apoptosis pathway in breast cancer, and it inhibited the apoptosis of BRCA (Figure 9A-D).
We also performed a TUNEL assay on tumor tissues, and compared with the si-NC group,
the TUNEL-positive cells of si-LHX2 were significantly increased (Figure 9E), indicating
that LHX2 inhibited apoptosis in breast cancer, which was consistent with the results of the
Western blotting assay; thus, the results complemented each other.
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Figure 9. LHX2 regulates the PI3K/AKT/mTOR pathway and apoptosis pathway in breast cancer.
(A) Western blot assays detected the expressions of Bax, Bcl-2, p-PI3K, PI3K, p-AKT, and AKT
after downregulation and overexpression of LHX2 in SKBR-3 cells. (B) Statistics of relative protein
expression levels in SKBR-3 cells. * p < 0.05. (C) Western blot assays detected the expressions of Bax,
Bcl-2, p-PI3K, PI3K, p-AKT, and AKT after downregulation and overexpression of LHX2 in BT-549
cells. (D) Statistics of relative protein expression levels in BT-549 cells. * p < 0.05. (E) TUNEL assays
of tumor tissues of 4T1 cells. * p < 0.05. The uncropped blots are shown in File S1.

4. Discussion

According to the cancer statistics for 2020, breast cancer accounts for about 30%
of female cancers worldwide, which makes it a threat to the public’s health [1]. Breast
cancer is a heterogeneous disease, whose molecular hallmarks have been comprehensively
defined [22]. However, there is still an urgent need to identify new biomarkers to enrich
the prognostic algorithms of breast cancer.

LHX2, a LIM homeobox gene, is a nuclear transcription co-factor that interacts with
a myriad of transcriptional regulators and controls the expression of multiple genes and
cellular functions [6]. Normally, LHX2 is necessary for the normal development of the eye,
cerebral cortex, and efficient definitive erythropoiesis [4], and it plays a vital role in the
maintenance of epithelial stem cells [23]. It is also decisive in producing neurons [24] and
regulating early neural differentiation in humans [25]. Besides the critical physiologic role
in embryonic development, the aberrant expression of LHX2 is associated with primary
tumor growth and metastasis. For instance, the overexpression of LHX2 promotes the devel-
opment of chronic myeloid leukemia [26], pancreatic ductal carcinoma [27], nasopharyngeal
carcinoma [28], and non-small-cell lung cancer [29]. However, the downregulation of LHX2
correlated with intermediate, high-risk tumors and low patient survival in hepatoblastoma,
which indicated that LHX2 plays complex roles in human cancers [6].

Previous studies showed that LHX2 promotes mammary carcinogenesis in mice [30].
Gao et al. discussed the diagnostic and prognostic value of LHXs in breast cancer [31].
Our study further discussed the prognostic value of LHX2 in breast cancer and its related
mechanisms. Importantly, a lot of experiments were conducted to prove the results of the
bioinformatics analysis.

As the role of LHX2 in breast cancer has yet to be thoroughly illustrated, we concen-
trated on the prognostic value and immune infiltration of LHX2 in our study. Given the
favorable prognostic value and clinical relevance of LHX2, we then explored its function in
BRCA. The major pathways enriched by GSEA were associated with metabolism and im-
munity; these have been found to be the most complex components in cancer research, and
they always have interactions with each other. Research shows that abnormal metabolism
is connected to immune dysfunction in cancer [32]. The tumor microenvironment plays
a vital role in tumorigenesis, and it may provide multiple targets for cancer therapy [33].
Tumor-infiltrating lymphocytes consist of all lymphocytic cells that invade the tumor tissue
and are a necessary part of the TME of most solid tumors, including BRCA [34]. There is
increasing evidence for the clinical relevance of TILs in BRCA, particularly in HER2+ and
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TNBC subtypes [35]. Our analysis of immune infiltration demonstrated that the infiltra-
tion levels of Th2 cells, Th1 cells, Treg, and activated DC cells had a significant positive
correlation with the expression of LHX2. Th2 cells, Th1 cells, and Treg are all categorized as
CD4 + T helper cells, and they play an integral role in the tumor immune response [36,37].
Immunohistochemistry and immunofluorescence assays also confirmed that LHX2 pro-
moted the expressions of infiltrating T cells and CD4 + T cells. Th2 cells always give
rise to a humoral immune response that promotes tumor growth through the secretion of
IL-10, IL-4, and TGF-f3 [34]; by contrast, Th1 cells can secrete IFN-y, TNF-«, and IL-12 to
mediate the anti-tumor response and provide successful protection against cancer [38]. The
ongoing NCT03112590 trial suggests that boosting the Th1 immune response can achieve
therapeutic benefits in breast cancer [34]. Th1l and Th2 cells have antagonistic functions,
and an imbalance between them always results in decreased overall survival in BRCA [39].
The balance between Th1 and Th2 cells depends on the expression and activation of key
molecules within the microenvironment of both activated naive CD4+ T cells and the cell
itself [36]. Tregs suppress anti-tumor immune responses via the secretion of IL-10 and the
sequestration of IL-2 [40], and the infiltration of a large quantity of Tregs is often connected
with a poor prognosis [37]. DC cells are fundamental for tumor-related antigen presentation
to naive T cells, resulting in tumor infiltration [41]. In conclusion, LHX2-related immune
infiltration is quite complex, and its elucidation may require further studies.

Through in vitro and in vivo experiments, we found that LHX2 promoted cell prolifer-
ation, invasion ability, and migration in breast cancer, whereas it suppressed apoptosis in
breast cancer. Then, we discovered that LHX2 activated the PI3K/AKT/mTOR pathway
and the apoptosis pathway, enriched by GSEA in the high-LHX2-expression phenotype, by
detecting signature proteins. The PI3K/AKT/mTOR pathway can regulate apoptosis [17]
and has an influence on immune cell function and the modulation of the TME. For example,
this pathway is necessary for maintaining the immunosuppressive function of Tregs [42].
Multiple studies have shown that metabolic modulation in immune cells is crucial for
controlling anti-tumor immunity in the TME [39]. Overall, the PI3K/AKT/mTOR pathway
is the most frequently mutated network in breast cancer and provides multiple molecular
targets [43].

In the future, we may be able to carry out more experiments to study the deeper
mechanism of LHX2's regulation of breast cancer proliferation and migration and to also
reveal how LHX2 is involved in the regulation of the tumor immune microenvironment of
breast cancer.

5. Conclusions

In summary, LHX2 is highly expressed and has potential prognostic value in many
malignancies, particularly in BRCA. The clinicopathological characteristics of BRCA have a
close relationship with the expression of LHX2. Function enrichment analyses and GSEA
allowed us to determine that LHX2-related genes centered on immunity and metabolism in
BRCA,; this was echoed by the immune infiltration related to LHX2 in BRCA. In vivo and
in vitro experiments confirmed that LHX2 promoted the cell proliferation, migration ability,
and invasion ability of BRCA but decreased apoptosis. A high expression of LHX2 in BRCA
promoted the PI3K/AKT/mTOR pathway and apoptosis pathway. Encouragingly, our
study found that LHX2 correlated with immune infiltration and metabolism, according
to a functional enrichment analysis, GSEA, and an immune infiltration analysis. LHX2
was also highly expressed in HER-2-positive breast cancer and TNBC, which have more
clinical benefits in immunotherapy than other subtypes of BRCA. It has been reported that
immunity and metabolism have a close relationship with each other in tumorigenesis [39].
In conclusion, it is reasonable to assume that LHX2 can be a prognostic biomarker that
is associated with immunity in BRCA. However, the tumor microenvironment is quite
complex, and different kinds of TILs have a complicated influence on tumorigenesis,
whether antagonistic or synergistic; therefore, much work is still needed to completely
elucidate it.
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