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Background: Lysyl oxidase (LOX) family proteins have recently
become a topic in cancer progression. Our recent study found a
high LOX-like 4 (LOXL4) expression in MDA-MB-231 cells.
Objective: To reveal the impact of depleted LOXL4 in both in
vitro and in vivo breast cancer models from a histological
perspective. Material and Method: Endogenous LOXL4 was
depleted using the CRISPR/Cas9 on MDA-MB-231 parental cells.
Based on the LOXLA4 protein expression, the clone was determined
for the next experiment, thus generating MDA-MB-231 LOXL4

KO. Cell assay was conducted using colony formation assay (n=3)
followed by crystal violet staining. The indicated cells were
inoculated orthotopically to female BALB/c nude mice (n=5). At
the end of the experiment, tumors were isolated, fixed, and
prepared for Masson’s Trichrome staining. Result: CRISPR/Cas9
completely depleted LOXL4 expression on clone number #2-22.
Depletion of LOXL4 reduced the colony size formed by MDA-
MB-231 cells. MDA-MB-231 LOXL4 KO #2-22 derived tumors
showed depressed tumor volume compared to the parental group.
Reduced collagen was also observed from the Masson’s Trichrome
staining (p<0.001). Conclusion: Depletion of LOXL4
downregulates the growth of MDA-MB-231 cells in vitro and
collagen deposition in vivo.
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Highlights
1. Revealing LOX family members’ mechanisms in promoting invasive breast cancer progression
is essential for targeting specific molecules in invasive breast cancer.
2. Depletion of LOXLA4 in invasive breast cancer shows attenuation of cell invasiveness in vitro
and collagen deposition in tumor models in vivo.
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BACKGROUND

Breast cancer is still the most prevalent cancer, with increasing rates along with age. According to the
World Health Organization (WHO) data, 2.3 million women were diagnosed with breast cancer,
resulting in 685.000 deaths (World Health Organization, 2024). In Asia, breast cancer is the most
common cancer in women across most of the countries with high mortality-to-incidence (M/I) of 0.28
compared to the other parts of the world (Huang, et al., 2022; Lim, et al., 2022; Rajappa, et al., 2023).
Breast cancer is still the leading cause of mortality related to cancer in the Southeast Asia region and
the highest disability-adjusted life years (DALYSs) among females (10.9 million). Cancer incidence
increases along with life expectancy (Sharma, et al., 2024). Therefore, early detection and target therapy
are still essential to be investigated to ease the burden of breast cancer.

In invasive cancer that develops from a solid tumor, breast cancer relies on microenvironment
changes, including the extracellular matrix, blood vessels, and immune system (Brassart-Pasco, et al.,
2020; WinkKler, et al., 2020). Thus, searching for genes related to the extracellular matrix (ECM) for
target therapy in breast cancer, we observed intriguing genes as members of the lysyl oxidase (LOX)
family (Komalasari, et al., 2023). The lysyl oxidase (LOX) family comprises five members, including
LOX, LOX-Like 1 (LOXL1), LOXL2, LOXL3, and LOXL4, which, in general, has been known to
contribute to the maturation of collagen and elastin in the ECM (Grau-Bové, et al., 2015; Vallet &
Ricard-Blum, 2019). To conduct the function, they depend on the presence of copper (Oldfield, et al.,
2018). In recent studies, some LOX family members were observed also to have functions in cancer
progression other than the ECM function. LOX is related to hypoxia and tumor invasion in bone
(Reynaud, et al., 2017). LOXL2 was observed to induce tumor progression in esophageal squamous
cell carcinoma (ESCC) and renal cell carcinoma (RCC) (Hong &Yu, 2019; Liu, et al., 2023). LOXL3
and LOXL4 were reported to promote the growth and invasiveness of melanoma, gastric cancer, and
hepatocellular carcinoma (HCC) (Li, et al., 2019; Koorman, et al., 2022). Many studies have presented
LOX family members in various cancers, but the mechanisms are still puzzling (Choi, et al., 2017; Shao,
etal., 2019). There are some extracellular and intracellular mechanisms in which LOX family members
promote tumor progression.

In our previous investigation, high expression of LOX-Like 4 (LOXL4) was found particularly in
triple-negative breast cancer (TNBC) cells (Komalasari, et al., 2023). Additionally, low levels of
LOXL1 and LOXL4 were observed in less aggressive MDA-MB-231 that were afflicted by ZEB1
mutation (Hirabayashi, et al., 2023). Some studies highlighted the importance of the LOX family
members in various cancers. The inhibitions of LOX family members stalled the cancer progression
(Chen, et al., 2020). However, which LOX family members are important, and the molecular
mechanisms, especially in breast cancer progression, remain to be elucidated. Discovery of the specific
molecule and the mechanisms related to breast cancer progression leads to a potential for target therapy,
particularly for invasive breast cancer.

OBJECTIVE

In this study, we were interested in distinguishing the LOXL4 function through the depletion of
LOXL4 in the TNBC cell line. First, to observe the impact of LOXL4 depletion on the cell function in
vitro, and second, to use animal models to observe the effect of LOXL4 depletion from a histological
perspective. Itis essential to identify specific LOX family members that support solid tumor progression
by establishing potential beneficial treatments to maintain the well-being of cancer patients.

MATERIAL AND METHOD

Cell lines

MDA-MB-231 cells (ATCC, Rockville, MD, USA), the TNBC cell line, were mainly used in this study.
A subline derived from the MDA-MB-231 parental cell was generated using CRISPR/Cas9 methods as
described before (Komalasari, et al., 2023). The clone number 22 from gRNA two was then selected
based on the protein expression, which was further named MDA-MB-231 LOXL4 knockout (KO) #2-
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22 for further experiments. Cells were maintained in DMEM/F12 medium (Thermo Fisher Scientific,
Waltham, MA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), cultivated mainly in
a 10 cm dish, and incubated at 37°C with 5% CO..

In vitro cell analysis

MDA-MB-231 parental and subline LOXL4 KO #2-22 were analyzed using colony formation assay
(CFA) to observe the potential of cells to build a colony from a single cell without nudging the
neighboring cells. 1 x 102 cells were planted in a 60 mm dish. Three dishes were prepared for each
parental and LOXL4 KO #2-22 group (n=3) and then incubated for seven days. After colonies formed,
70% EtOH was used for fixation, followed by Crystal Violet staining. One colony was defined as more
than or equal to 20 cancer cells (Hirabayashi, et al., 2023).

In vivo animal model and histology specimen

Ten female BALB/c nude mice were prepared and randomly separated into two groups, five mice per
group. The mice in the first group were inoculated with 5x10° cells of MDA-MB-231 parental into the
right mammary fat pad. The mice in the second group were inoculated with MDA-MB-231 LOXL4 KO
#2-22 using the same number of cells. Tumor volume was measured after the tumor formed. After 40
days of incubation, tumors were then isolated, fixed with 4% paraformaldehyde (PFA), and then
preserved in a frozen tumor block. Histological specimens were obtained from the frozen slices and
stained with Masson’s Trichrome, Hematoxylin, and Eosin (H&E). Collagen from the Masson ‘s
Trichrome staining was quantified using a Keyence BZ-X analyzer software to detect collagen fibers in
the randomly selected slide.

Statistical analysis
Statistical tests were performed in Microsoft Excel for Mac version 16.81. Data were presented in mean
and SD. Based on the Student t-test, p<0.05 was considered statistically significant.

RESULT

High LOXL4 expression in TNBC drove our attention to the importance of this gene in breast cancer
progression. To investigate further this role, the LOXL4 gene was depleted from the MDA-MB-231
parental cells. The establishment of LOXL4 KO #2-22 has been shown in our previous study
Komalasari, et al., (2023), the clone was determined based on the protein expression. To assert the
concomitant of LOXL4 KO #2-22 in breast cancer cell proliferation, cells were equally spread in low
numbers, and then the colony developed from each single cell was observed. After the designated
observation time, the size of the colony number formed in the MDA-MB-231 parental group was
51+8.18, and the LOXL4 KO #2-22 group showed 35+3.6 (Figure 1). The number of colonies was
significantly reduced (p<0.05).
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Figure 1. Depletion of LOXLA4 affects the single-cell potential to form a colony. (A) Colony number
count. (B) Representative of colony size from each group after seven days of incubation.
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According to our previous study, the primary tumor growth in the LOXL4 KO group was stalled
(Komalasari, et al., 2023). The primary tumor from the breast cancer model was then investigated
histologically. The first staining showed a packed and dense configuration of tumor cells in the parental
group with dense and regular stroma (Figure 2). LOX family is considered to exert function in the
maturation of collagen. To assess the shared function as other LOX family members in the extracellular
matrix, i.e., collagen configuration, tumor sections were stained with Masson’s Trichrome.
Quantification of Masson’s Trichrome staining exhibited decreased collagen fibers in the MDA-MB-
231 LOXL4 KO #2-22 (21.4+3.6) subline group compared to the parental group (29.5+2.3) with the
p<0.01 (Figure 3).
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Figure 2. (A) The tumor section from the parental group shows densely packed cancer cells.
(B) Larger magnification. The white scale indicates 100 pm.
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Figure 3. Collagen fibers with Masson’s Trichrome staining from tumor section. (A) Representative
of Masson’s Trichrome staining. The white arrows indicate collagen fibers. (B) Quantification of
collagen fibers (p<0.01). Scale: 100 um.

DISCUSSION

In our first screening, we found a high expression of LOXL4 in TNBC, which was not observed in
non-TNBC cell lines. To confirm this function, CFA was conducted to evaluate the impact of LOXL4
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depletion. Depletion of LOXL4 attenuated the number and size of colonies in the LOXL4 KO #2-22
group, thus reducing cell-cell interaction. Yin, et al., (2020) also showed depressed proliferation of
cancer cells on ShRNA LOXL4 treatment. This result suggests that LOXL4, other than the ECM, exerts
an atypical function in the cancer cell cycle. Additionally, low cell numbers reduce cell-cell interactions,
thus preventing downstream mechanisms from mutually inducing cell proliferation. The capability of a
single cell to form a colony is also used as a cancer cell stemness indicator (Rajendran & Jain, 2018).
Ohta, et al., (2022) observed that slow-proliferated cancer cells have characteristics of stem cells.

After being inoculated orthotopically, the LOXL4 KO #2-22 group developed a smaller tumor size
(Komalasari, et al., 2023). Staining of the LOXL4 KO #2-22 tumor showed less ECM with misshapen
collagen fibers. LOX family members have been known to partake in ECM maturation which
contributed to tumor progression (Maller, et al., 2021). LOXL4 was reported to be associated with
collagen 1, collagen 1V, and liver fibrosis progression (Chen, et al., 2020; Tan, et al., 2021). Thus,
LOXL4 supports cancer progression through a common function of LOX family members. Li, et al.,
(2019) introduce that exosomes in hepatocellular carcinoma (HCC) contain LOXL4 which drives
invasion and metastasis. The stiff matrix also contributed to the release of exosomes (Wu, et al., 2023).
Therefore, several mechanisms of LOXLA4 to induce cancer progression are proposed.

Our previous investigation revealed the surface binding protein of LOXL4, annexin A2 (Komalasari,
et al., 2023). This study showed that depletion of LOXL4 reduced collagen deposition, suggesting that
secreted LOXL4 affects both neighboring cancer cells and their tumor microenvironment. The impact
of LOXL4 in other aspects of TME, including matrix metalloproteinase (MMP) regulation, immune
cells, and cancer-associated fibroblast, is also essential to be investigated. Based on current in vitro
investigation, other intracellular functions of LOXL4 are our next concern. The stemness characteristic
of LOXL4 KO #2-22 is an intriguing topic to be explored further.

Strength and limitations

This study supports the concept that LOXL4 has the potential for other functions in breast cancer
progression; thus, it is highly expressed in highly invasive cancer cell lines. Our current study was
limited to the histological approach of collagen in animal breast cancer models. Further studies are
required to disentangle the function of the LOXL4 animal model related to the immune system, matrix
metalloproteinase (MMP) regulation, and cancer-associated fibroblast.

CONCLUSION

Our in vitro study revealed that depletion of LOXL4 attenuates the ability of a single cell to form a
colony. Furthermore, the depletion of LOXL4 decreased collagen from the histological examination in
the in vivo breast cancer model. Based on these data, the depletion of LOXL4 attenuates the breast
cancer model progression. This might be an insight to investigate LOXL4 as a potential target treatment
in stalling breast cancer progression.
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