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malignant proliferation and histological grading

Xiaosi Yang', Shuqiang Duan?, Jie Zha', Tao Jiang?, Chun Ye'! and Shuihong Yu'
School of Basic Medicine, Anging Medical College, 2Department of Pathology, Anging Municipal
Hospital and 3Department of Pharmacy, Anging 116 Hospital, Anging City, Anhui Province, PR China

Summary. This study aims to detect the expression of
phosphorylated PERK in breast cancer using
immunohistochemistry and explore its significance. We
examined 134 cases of formalin-fixed and paraffin-
embedded breast cancer tissues. It was found that the
expression of phosphorylated PERK in ductal carcinoma
was higher than that in lobular carcinoma, and the
difference between them was statistically significant,
suggesting that phosphorylated PERK played different
roles in the occurrence and development of different
types of breast cancer. Compared with Ki-67-negative
breast cancer tissues, phosphorylated PERK has higher
expression in Ki-67-positive tissues and is positively
correlated with Ki67 expression, indicating that
phosphorylated PERK plays an important role in breast
cancer's malignant proliferation and progression. We
also found a positive correlation between phosphorylated
PERK expression and the histological grading of
invasive ductal carcinoma, indicating that phospho-
rylated PERK plays an important role in the
differentiation of invasive ductal carcinoma. Our study
revealed the differential expression of phosphorylated
PERK in subtypes of breast cancer. It contributed to the
malignant proliferation of breast cancer and tissue
differentiation of invasive ductal carcinoma of the
breast.
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Introduction

Multiple stressors, such as hypoxia, nutritional
deficiency, and various other factors that lead to the
accumulation of unfolded or misfolded proteins in the
endoplasmic reticulum, can cause endoplasmic reticulum
stress (Chen and Cubillos-Ruiz, 2021; Mandula et al.,
2022), triggering a series of cascade signaling reactions
known as the unfolded protein response (UPR). As one
of the most important adaptive systems for tumor cells,
the UPR can adapt to external stimuli by integrating
multiple signal transduction pathways, alleviating
endoplasmic reticulum stress, restoring endoplasmic
reticulum homeostasis, promoting tumor cell survival,
and being involved in tumorigenesis, progression,
metastasis, immune escape, inflammatory response, and
apoptosis (Lin et al., 2019; Nie et al., 2021).
Endoplasmic reticulum stress plays an important role in
regulating cell plasticity. It is involved in regulating the
plasticity of vascular smooth muscle cells in aortic
aneurysm dissection (Clement et al., 2019). The role of
endoplasmic reticulum stress in driving T-cell plasticity
has also been reported (Franco et al., 2010). Under stress
conditions, the repositioning of GRP78 from the
endoplasmic reticulum to the cell surface enhances
CRIPTO signaling and promotes cell plasticity
(Balcioglu et al., 2020).

Protein kinase R (PKR)-like endoplasmic reticulum
kinase (PERK) is a type I transmembrane receptor
located in the endoplasmic reticulum membrane.
Serine/threonine residues in the cytoplasmic region are
phosphorylated for activation. PERK is an important
component of the UPR and is a key regulatory factor in
protein synthesis during endoplasmic reticulum stress.

The plasticity of tumors enables cells to exhibit
different phenotypes to adapt to constantly changing
conditions, leading to tumor heterogeneity. The
epithelial-mesenchymal transition (EMT) is an important
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example of tumor cell plasticity. Yuan et al. reported
that, in squamous cell carcinoma, ectopic expression of
transmembrane and tetratricopeptide repeat (TPR)
containing protein 3 (TMTC3) during endoplasmic
reticulum stress disrupts the interaction between PERK
and GRP78, activates the PERK pathway, causes ATF4
nuclear translocation, increases the transcriptional
activity of interleukin-like EMT inducer (ILEI), and
promotes the expression of EMT markers (Yuan et al.,
2022). EMT cells display constitutive activation of the
PERK-elF2a axis. PERK activation is also required for
EMT cell invasion and metastasis. In human tumor
tissues, EMT gene expression is strongly correlated with
both ECM and PERK—-elF2a genes, PERK—-cIF2a
signaling is required to maintain endoplasmic reticulum
homeostasis and is indispensable for EMT cells to
invade and metastasize (Feng et al., 2014).

Breast cancer is a malignant tumor with the highest
incidence rate among female tumors. It is highly
heterogeneous at both the morphological and molecular
levels, including various biological subtypes with
different molecular and clinicopathological charac-
teristics (Sung et al., 2021).

In this study, immunohistochemistry was used to
identify the expression of phosphorylated PERK
(phospho-PERK) in 134 breast cancer tissues. This study
aimed to investigate the relationship between phospho-
PERK expression and clinicopathological characteristics
of breast cancer, including tumor size, pathological type,
histological grading, lymph node metastasis, and the
expression of ERa, PR, and Ki67.

Materials and methods
Study subjects

A total of 134 breast cancer tissue samples were
collected from the Anqing Municipal Hospital, Anhui
Province, People's Republic of China, between January
2018 and December 2022. The samples included 84
cases of invasive ductal carcinoma (IDC), 22 of invasive
lobular carcinoma (ILC), and 28 of ductal carcinoma in
situ (DCIS). All patients were females diagnosed with
breast cancer for the first time and aged from 27 to 80
years. All specimens were collected from the central
region of the tumor without extensive necrosis or
bleeding. All cases were confirmed as breast cancer
according to the WHO Classification of Tumors, 5th
Edition. None of the patients had received
chemotherapy, radiotherapy, immunotherapy, or
endocrine therapy before surgery. Furthermore, none of
the patients had any other organic disease or malignant
tumor.

The immunohistochemical results for ERa, PR, and
Ki67 were evaluated based on the percentage of cells
that stained positively and were independently
determined by two senior pathologists. For ERa and PR,
a positive cutoff point of 10% was used (Sleightholm et
al., 2021; Muller et al., 2022), while a cutoff value of

14% was set for Ki67 (Cheang et al., 2009).

The results of HER2 immunohistochemistry were
evaluated according to ASCO/CAP guidelines (2018)
(Ahn et al., 2020). The score ranges from 0 to 3, where 0
indicates no cell staining or incomplete or weak
membrane staining in <10% of the tumor cells; 1
indicates incomplete, weak, or almost imperceptible
membrane staining in more than 10% of tumor cells; 2
indicates weak to moderate complete membrane staining
in >10% of tumor cells; and 3 indicates complete and
strong circumferential membrane staining in more than
10% of tumor cells. A score of 0 or 1 was considered
negative, whereas a score of 2 or 3 was considered
positive.

Immunohistochemistry of phospho-PERK

Three-pm tumor sections of formalin-fixed tissues
were deparaffinized in xylene and rehydrated using a
series of graded ethanol solutions. Endogenous
peroxidase activity was blocked by immersing sections
in 3% H,0, for 5 min. Antigen retrieval involved
boiling the sections in Tris-EDTA buffer (pH 9.0) for 15
minutes. The sections were blocked with 10% fetal
bovine serum for 10 min at room temperature. The
primary antibody, phospho-PERK (Thr982) (rabbit
polyclonal, Affinity, 1:100, DF7576), was incubated at
4°C overnight. The sections were incubated with
secondary antibodies to goat anti-rabbit [gG (H+L) HRP
(rabbit polyclonal, Affinity, 1:200, S0001) for 1h at
room temperature after washing with PBS. Slides were
developed using diaminobenzidine (DAB) and
counterstained with hematoxylin. Finally, the slides were
dehydrated and mounted.

Evaluation of phospho-PERK immunoreactivity

Two senior pathologists evaluated the staining
patterns of tumor tissue samples using a blind and
random method and provided the same scores. Based on
cytoplasmic staining, five random areas on each slide
were selected using an Olympus BX53 microscope and
evaluated, with a percentage of less than 10% positive
cells indicating negative results. For cells with a
percentage of positive cells greater than 10%, the
integration method was used to calculate the proportion
of positive cells and cell staining intensity; the
percentage of positive cells <30% indicated 1 point, 31%
to 50% indicated was 2 points, >51% indicated 3 points,
and the positive staining intensity was calculated as 1, 2,
and 3 points in the order of yellow, brown yellow, and
dark brown, respectively. After adding these two points,
1-2 points were (+), 3-4 points were (++), and 5-6 points
were (+++).

Statistical analysis

Statistical analyses were conducted using SPSS 27.0
version software (IBM Corporation, Armonk, NY,
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USA). The y? test was used to compare the expression of
phospho-PERK for the different factors. The correlation
between phospho-PERK levels and clinicopathological
characteristics was analyzed using the kappa test. All
statistical tests were two-sided and the statistical
significance threshold was set at p<0.05.

Results
Expression of phospho-PERK in breast cancer

Of the 134 breast cancer cases, 70 had a positive
expression of phospho-PERK, and the positive rate was

72.4% (97/134). For different sources of breast cancer, the
positive expression rate of phospho-PERK in lobular
carcinoma was 27.3% (6/22), and in ductal carcinoma was
81.3% (91/112). Immunohistochemistry results for
different subtypes of breast cancer are shown in Figure 1.

A statistically significant difference was observed
between lobular carcinoma and ductal carcinoma
(x>=26.804, p<0.01), but no statistical difference was
found in the expression of phospho-PERK between IDC
and DCIS. In invasive carcinoma, the expression of
phospho-PERK was significantly different between the
ILC and IDC groups (x*=34.84, p<0.01). The statistical
results are presented in Table 1.

20X

Fig. 1. Immunohistochemical analysis of phospho-PERK in breast cancer tissues. A. Invasive lobular carcinoma, more than 51% of tumor cells had
yellow cytoplasmic staining, staining evaluation: ++; B. Ductal carcinoma in situ, more than 51% of tumor cells had dark brown cytoplasmic staining,
staining evaluation: +++; C. Invasive ductal carcinoma, more than 51% of tumor cells had brown-yellow cytoplasmic staining, staining evaluation: +++.

The scale sizes in the images are 4x, 500 ym; 10x, 200 ym and 20x, 100 pym.
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Correlation between clinicopathological characteristics
and phospho-PERK in 134 cases of breast cancer

In Ki67-negative breast cancer, 47.8% (22/46) of
tissue samples showed positive expression of phospho-
PERK, in Ki67-positive breast cancer, it was 85.2%
(75/88). There was a statistically significant difference
between the two groups (y>=21.142, p<0.01), and a
linear correlation was observed (Z=20.984, p<0.01). The
expression of phospho-PERK in breast cancer was
correlated with the expression of Ki76 (k=0.392,
»<0.01). Immunohistochemistry for Ki67 and phospho-

Table1. Different expression of phospho-PERK in breast cancer
subtypes.

Breast cancer phospho-PERK %2 P
subtypes Negative Positive

Invasive carcinoma 10 53

ILC 16 6

IDC 10 74 34.842 p<0.01
Ductal carcinoma in situ 4 24 26.804°  p<0.01

a: 2 tests on phospho-PERK expression in IDC and ILC; °: %2 tests on
phospho-PERK expression in lobular carcinoma and ductal carcinoma.

PERK in the same case of IDC is shown in Figure 2.

No statistical differences were found between the
expression of phospho-PERK and the age (x>=0.739,
p=0.39), tumor diameter (x2>=1.121, p=0.933), and
lymph node metastasis (x>=0.279, p=0.597) subgroups.
Regarding the molecular phenotype of breast cancer,
there was no statistical difference in phospho-PERK
exzpression among the ERa (32=0.371, p=0.543), PR
(*=0.107, p=0.744), and HER2 (3?>=0.028, p=0.866)
subgroups, in addition to the Ki67 subgroup mentioned
above (Table 2).

Correlation between histological grading and phospho-
PERK in invasive ductal carcinoma

The relationship between histological grading and
phospho-PERK expression in IDC was analyzed using
the kappa test. The results are shown in Table 3. The
expression of phospho-PERK was positively correlated
with histological grading (2=31.555, p<0.01; Z=17.304,
2<0.01; «=0.266, p<0.01) (Table 3). HE staining for IDC
and immunohistochemistry for phospho-PERK are
shown in Figure 3.

Discussion

Malignant proliferation is a characteristic of tumors

Fig. 2. Immunohistochemical analysis of Ki67 and phospho-PERK in breast cancer tissue. A. Immunohistochemistry for Ki67 in invasive ductal
carcinoma. More than 10% of tumor cells had nuclear staining, staining evaluation: +; B. Immunohistochemistry for phospho-PERK showed brown-
yellow cytoplasmic staining in over 51% of tumor cells in the same ki67 invasive ductal carcinoma case shown in A, staining evaluation: +++.The scale
sizes in the images are 4x, 500 ym; 10x, 200 ym and 20x, 100 pym.
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that requires a sufficient supply of nutrients. However,
the newly formed vascular network in tumor tissue may
fail to mature and prune, and cannot be divided into
arterioles, capillaries, and venules, resulting in a
mismatch between the supply of blood vessels and the
nutritional and metabolic needs of tumor cells. Tumor
blood vessels are insufficient to meet the needs of
growing tumor cells (Lugano et al., 2020; Bai et al.,
2022).

Autophagy may be one of the mechanisms by which
tumor cells balance the demand and supply of nutrients
and energy when they cannot obtain them from the
blood (He, 2022; Debnath et al., 2023; Assi and
Kimmelman, 2023). Under stress conditions, autophagy
can function as a protective mechanism that promotes
tumor survival and growth (Qi et al., 2019; Romine et
al., 2019). An insufficient supply of blood vessels leads
to relative hypoxia in tumor cells, initiating oxidative
stress in the endoplasmic reticulum.

Rapid and extensive proliferation of tumor cells may
lead to abnormal accumulation of unfolded or misfolded
proteins in the endoplasmic reticulum, competing with
PERK for the GRP78/Pip binding site and allowing
PERK to be released from its binding state, leading to
homodimerization and autophosphorylation activation
(Lin et al., 2019; Romine et al., 2019). Phospho-PERK

affects the expression of autophagy-related genes Atg/2
and LC3 by phosphorylating elFa, promoting cellular
autophagy, which can provide a certain amount of
energy and nutrition for the rapid and massive
proliferation of tumor cells (Qi et al., 2019).

Ki67 is a proliferation index that indicates the
growth rate of breast cancer cells. High expression of
Ki67 suggests rapid proliferation of breast cancer cells.
The results of this study showed a strong correlation
between the expression of phospho-PERK and ki67
(¥3=21.142, p<0.01; k=0.392, p<0.01), suggesting that
the expression of phospho-PERK is related to the rapid
proliferation of breast cancer cells.

Endoplasmic reticulum stress participates in the
regulation of vascular endothelial cells and angiogenesis
in tumor tissue by altering the expression and activity of
vascular growth factors (Takayanagi et al., 2015),
thereby affecting the nutritional and metabolic
requirements of tumor cell proliferation. The activation
of PERK promotes the survival effect of vascular
endothelial growth factor (VEGF) on endothelial cells
by positively regulating mTORC2-mediated AKT
phosphorylation at Ser473 and participating in regulating
tumor angiogenesis (Karali et al., 2014). The PERK
signaling pathway is involved in the malignant
proliferation of breast cancer, mediating angiogenesis

Table 2. Correlation between clinicopathological characteristics and phospho-PERK expression.

phospho-PERK Kappa p %2 p
Negative Positive
All cases 134 37 97
Age (years) <50 68 21 47
>50 66 16 50
Tumor diameter (cm) <2 31 11 20
2-5 83 21 62
>5 20 5 15
Metastatic lymph nodes  Negative 88 23 65
Positive 46 14 32
ERa Negative 54 15 45
Positive 80 22 52
PR negative 61 16 45
Positive 73 21 52
HER2 Negative 74 20 54
Positive 60 17 43
Ki-67 Negative 46 24 22 0.392 <0.01 21.142 <0.01
Table 3. Correlation between phospho-PERK expression and histological grading of IDC.
Histological grading phospho-PERK x2 P 4 p K P
+ ++ +++
1 6 4 1 1
2 2 18 6 5
3 2 9 16 14 31.555  <0.01 17.304 <0.01 0.266 <0.01
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20X

Fig. 3. phospho-PERK
HE staining of invasive
ductal carcinoma and
immunohistochemistry.
A. HE staining of
invasive ductal
carcinoma, grading 1.
B. Immunohisto-
chemistry for phospho-
PERK showed yellow
cytoplasmic staining in
< 30% tumor cells in
the same HE staining
invasive ductal
carcinoma case,
grading 1, as shown in
A, staining evaluation:
+. C. HE staining for
invasive ductal
carcinoma, grading 2.
D. Immunohisto-
chemistry for phospho-
PERK showed brown-
yellow cytoplasmic
staining in > 50%
tumor cells in the
same HE staining
invasive ductal
carcinoma case,
grading 2, as shown in
C, staining evaluation:
+++. E. HE staining for
invasive ductal
carcinoma, grading 3.
F. Immunohisto-
chemistry for phospho-
PERK showed brown-
yellow cytoplasmic
staining in > 50%
tumor cells in the
same HE staining
invasive ductal
carcinoma case,
grading 3, as shown in
E, staining evaluation:
+++. The scale sizes
in the images are 4x,
500 ym; 10x, 200 ym
and 20x, 100 ym.
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and autophagy contributing to the survival and rapid
growth of cancer cells.

Considering that there was no significant difference
in the expression of PERK between IDC and DCIS, but
the expression was higher in IDC than in ILC (x*=34.84,
p<0.01), it can be considered that PERK pathway-
mediated cell proliferation played a more important role
in ductal carcinoma than in lobular carcinoma. Different
pathological types of breast cancer may involve different
proliferation pathways. The PERK signaling pathway is
involved in cell differentiation and has been reported to
play a key role in the maintenance and differentiation of
myoblasts, as well as in the differentiation of osteoblasts
and osteoclasts (Zhang et al., 2019; Guo et al., 2020; Tan
et al., 2021). The PERK-elF2a axis is involved in T
helper cell differentiation and plays a major role in
peripheral Treg cell differentiation (Scheu et al., 2006;
Franco et al., 2010). Bobrovnikova-Marjon et al.
reported that PERK is necessary for the functional
maturation of milk-secreting mammary epithelial cells
and that PERK-dependent signaling contributes to
lipogenic differentiation in the mammary epithelium
(Bobrovnikova-Marjon et al., 2008). Mandula et al.
reported that PERK controlled the differentiation of
myeloid precursors into monocytic-lineage inflammatory
dendritic cells in tumor cells (Mandula et al., 2022).

Histopathological grading refers to the degree of
differentiation of the tumor cells. Higher histological
grading indicates worse differentiation and faster growth
of tumor cells. Our results indicated that the expression
of phospho-PERK was correlated with the histological
grading of IDC (k=0.266, p<0.01), indicating that the
expression of phospho-PERK was related to cell
differentiation in IDC.

Conclusions

In summary, the histological grading of IDC is a
well-established prognostic factor for breast cancer and
is an independent predictor of survival (Wang et al.,
2022). A higher histological grading indicates a worse
prognosis. Our experimental findings indicated that
phospho-PERK expression in IDC was positively
correlated with histological grading. Second, ILC is
believed to have a better prognosis than IDC (Danzinger
et al., 2021), and our study found that the expression of
phospho- PERK was higher in IDC than in ILC. These
observations suggest that phospho-PERK may serve as a
potential prognostic indicator for breast cancer.

Our study provides evidence that phospho-PERK is
associated with the clinicopathological characteristics of
breast cancer. Phospho-PERK is involved in malignant
proliferation and differentiation of breast cancer cells.
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