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ABSTRACT

Purpose: Vaccinia virus is widely used as an oncolytic agent for human cancer therapy,

and several versions of vaccinia virus have demonstrated robust antitumor effects in breast
cancer. Most vaccinia viruses are modified by thymidine kinase (TK) deletion. The function
of the cyclin-dependent kinase inhibitor p21 in breast cancer remains controversial. We
explored the impact of p21 gene knockdown (KD) on breast cancer cells and whether p21 KD
interferes with the antitumor effect of TK-negative vaccinia virus.

Methods: p21 KD MDA-MB-231 and p21 KD MCF-7 cells were prepared, and cell
proliferation and migration rates were evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and scratch healing assays. The tumor growth of
xenografts originating from p21KD MDA-MB-231 cells and control cells was compared in a
mouse model. The colony formation and sphere-forming abilities of p21 KD breast cancer
cells were also determined using low-melting agarose and serum-free culture. The tumor-
killing effect of the vaccinia virus was determined in breast cancer cells and mouse models
using an MTT assay and tumor cell xenografts.

Results: p21 KD increased the growth and migration of MDA-MB-231 and MCEF-7 cells

and promoted the cell growth of MDA-MB-231 cells in mice, while decreasing the colony
formation and sphere formation abilities. Expression of TK was reduced in p21 KD MDA-
MB-231 cells. Oncolytic effects of both wild-type and TK-deleted vaccinia viruses were
attenuated in p21KD MDA-MB-231 cells. The tumor-killing effect of TK-deleted vaccinia virus
was also weakened in xenografted mice bearing p21 KD MDA-MB-231 cells.

Conclusion: Targeted inhibition of p21 accelerates the proliferation and migration of breast
cancer cells and impairs the tumor-killing effect of vaccinia virus, suggesting that p21 levels
in cancer cells interfere with vaccinia virus oncolytic therapy.
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INTRODUCTION

Breast cancer is the most common malignant tumor worldwide and is a threat to the health
of women [1]. Breast cancer can be divided into several subtypes, each of which varies in

its clinical treatment and prognosis. Triple-negative breast cancer (TNBC), in which the
expression of estrogen receptor, progesterone receptor, and human epidermal growth factor
receptor 2 are lacking, accounts for approximately 10%-15% of all breast cancer cases [2] and
is responsible for more than 50% of breast cancer-related deaths [3,4]. TNBC exhibits high
invasiveness and metastatic potential, poor prognosis, and high relapse potential [2,5].

p21, is a 21 kDa protein that was first identified as a cyclin-dependent kinase (CDK) inhibitor
[6], and also known as wild-type activating factor-1 (WAF1)/CDK inhibitory protein-1 (CIP1)
[7]. p21is important in cell cycle control and is involved in several key biological processes
[8]. Interestingly, p21 has been reported to play a paradoxical dual role as a tumor repressor
or oncogene depending on its subcellular localization and posttranslational modifications
[8,9]. Alterations in p21 also affect targeted therapies, such as susceptibility to chemotherapy
and radiation [7]. According to an online database (http://gepia2.cancer-pku.cn), the
expression of p21 is lower in breast invasive carcinoma (n = 1,085) than in normal tissues
(n=291). In contrast, a previous study reported that p21 expression in breast cancer is
upregulated and closely correlated with adverse pathological parameters and poor prognosis
[10]. Therefore, the effects of p21 on breast cancer prognosis and therapy for breast cancer
require further investigation.

Oncolytic virotherapy is an emerging treatment for multiple tumors. Among these
candidates, vaccinia virus is one of the most well-developed vectors because of its advantages
such as its safety, high-titer production, large gene capacity, tumor selectivity, and high
immunogenicity [11]. One strategy to increase the selective replication of vaccinia virus in
tumor cells is to inactivate the viral thymidine kinase (TK) through genetic modification,
resulting in preferential replication of the virus in high intracellular nucleotide-level tumor
cells [12]. The most well-known example is JX-594, a replication-competent vaccinia virus
engineered with a deleted TK region that expresses granulocyte-macrophage colony-
stimulating factor and B-galactosidase [13]. The function of p21 is related to its interactions
with TK [14-16]. Therefore, we explored whether p21 knockdown (KD) in breast cancer cells
influences the oncolytic effect of TK-deleted vaccinia virus.

Here, we demonstrated that p21 KD in the TNBC cell line MDA-MB-231 promotes cell
proliferation, migration, and tumor progression, while inhibiting cell colony formation.
In addition, cell proliferation and animal experiments showed that p21 KD impaired the
cytotoxicity of vaccinia virus with TK deletion. Our study provides a foundation for p21-
targeted oncolytic viral therapy for TNBC.

METHODS

Cell lines and virus preparation

293T cells and human breast cancer cells MDA-MB-231 and MCF-7 were obtained from the
Cell Bank of the Chinese Academy of Sciences. All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Grand Island, USA) containing 10% fetal bovine serum.
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WR strain vaccinia virus wild-type (VV-WT) and TK-deleted vaccinia virus carrying enhanced
green fluorescent protein (VV-EGFP) were preserved in our laboratory. Vaccinia virus was
amplified from HEK293 cells. After three freeze-thaw cycles and centrifugation, the viral titer
was determined using the 50% tissue culture infectious dose method in 293A cells.

Short hairpin RNA (shRNA) and expression plasmid transfection

shRNAs targeting p21 (5-GACACCACTGGAGGGTGACTTCTC-3') and control shRNAs
were synthesized and ligated into the pLKO.1-puro vector. The shuttle plasmid and package
plasmids pMD2.G and psPAX2 were co-transfected into 293T cells (ratio: 4:3:1). Forty-eight
hours later, the supernatant (containing the lentivirus) was filtered through a 0.45 pm filter
and transferred into MDA-MB-231 and MCF-7 cells. At 24 hours post-infection, the culture
medium was replaced with fresh medium containing puromycin (1 pg/mL) to screen for
stable shRNA-expressing cell lines.

Sphere formation and cloning formation assay

Breast cancer cells were seeded into an ultra-low adsorption 6-well plate (2,000 cells/well).
To induce cell sphere formation, the cells were cultured in serum-free stem cell culture
medium (DMEM-F12 supplemented with insulin-like growth factor, epidermal growth factor,
fibroblast growth factor, B-27, and penicillin/streptomycin). Images were captured using a
microscope (IX71; Olympus, Tokyo, Japan). The number of spheres was counted, and the
relative sphere formation efficiency was quantified and statistically analyzed.

For the cloning assay, 500 cells were seeded into each well of a 6-well plate. The cells

were cultured and observed daily for 20 days; the culture medium was replenished during
culture as appropriate. Cells were fixed with 70% ethanol and stained with crystal violet to
photograph the colonies. The colonies were counted.

RNA isolation and reverse transcription-quantitative polymerase chain
reaction analysis

Cellular RNA was extracted using TRIzol (Ambion, Austin, USA) and reverse-transcribed
using a reverse transcription kit (Generay, Shanghai, China). The cDNA was subjected to
gPCR amplification using a SYBR Green kit (TOYOBO, Osaka, Japan). The 27 method
was used to calculate the expression of target genes [17]. The primers (5'-3') were as
follows: CD133-F, GTCAGTTCTCCAGCTCTCCC; CD133-R, TCATGGCGACCTTTAACCCA;
CD90-F, AACAGTTTGCCCCCAGGAAA; CD90-R, GAAGGACTCGTTGCTGGTGA; Oct4-F,
GTGTTCAGCCAAAAGACCATCT; Oct4-R, GGCCTGCATGAGGGTTTCT; NANOG-F,
AAGGCCTCAGCACCTACCTA; NANOG-R, TGCACCAGGTCTGAGTGTTC; glyceraldehyde
3-phosphate dehydrogenase (GAPDH)-F, CTGGGCTACACTGAGCACC; GAPDH-R,
AAGTGGTCGTTGAGGGCAATG.

Western blot analysis

The cells were rinsed with phosphate-buffered saline (PBS), lysed in lysis buffer, and
denaturized at 95°C for 5 minutes. Proteins were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electro-transferred onto polyvinylidene fluoride
membranes. After blocking and incubation with antibodies, protein expression was
visualized using a Tanon 5,500 gel imaging system (Tanon Science & Technology Co.,
Ltd., Shanghai, China). Antibodies against the following proteins were used: p21 (WAF1/
CIP1) (2947S; Cell Signaling Technology, Danvers, USA), vimentin (5741S; Cell Signaling
Technology), E-cadherin (3195S; Cell Signaling Technology), proliferating cell nuclear
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antigen (PCNA) (WL01804; Wanleibio, Shenyang, China), CDK2 (WL01543; Wanleibio),
cyclin E (WL01072; Wanleibio), CDKN1B (E1A3325; EnoGENE, Nanjing, China), and GAPDH
(R1210-1; HuaAnBio, Jinan, China).

Cell number analysis

Cell viability was analyzed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell activity assay. The cells were plated in 96-well plates (5,000 cells/well).
At termination (24 hours, 48 hours, 72 hours, 96 hours, and 120 hours), MTT was added

to the wells (20 pL/well), and the plates were incubated in a cell incubator (37°C) for four
hours. After incubation, the medium was aspirated carefully, and 150 pL dimethyl sulfoxide
was added to each well. The plates were placed on a shaker for 10 minutes at 18°C-25°C.
Absorbance was measured at 490 nm.

Scratch healing assay

The cells were plated in 6-well plates (5 x 10° cells/well). When the cells reached 90%-100%
confluence, the medium was replaced with fresh DMEM + 3% fetal bovine serum. Scratches
were made with a 200 pL pipette tip, and the scratches were photographed every six hours.

The scratch areas were determined using ImageJ 1.53e software (NIH, Bethesda, USA). The

average migration rate was calculated by dividing the change in scratch area over time.

Animal models

All animal studies were performed in accordance with the “Guide for the Care and Use of
Laboratory Animals” and approved by the Laboratory Animal Ethics Committee of Zhejiang
Sci-Tech University (approval number 2022-0105-05). Four-week-old female nude mice were
used as orthotopic xenograft recipients (n = 6-8 per group). MDA-MB-231 shRNA targeting
p21 (shp21) cells and MDA-MB-231 shRNA control (shCtrl) cells (1 x10° per mouse) were
implanted into the fourth mammary fat pad of anesthetized mice. The long diameter (LD)
and short diameter (SD) of the tumors were measured, and (LD x SD x SD)/2 was used to
calculate the tumor volume. The animals were euthanized under deep anesthesia when the
tumor size reached 20 mm.

To evaluate the tumor-killing effect of vaccinia virus on p21 KD cells, different numbers of
MDA-MB-231 shCtrl (8 x 10° per mouse) and MDA-MB-231 shp21 (5 x 10° per mouse) cells
were subcutaneously injected into the underarms of mice to minimize the influence of

the different growth rates of MDA-MB-231 shCtrl and MDA-MB-231 shp21 cells. When the
tumor size reached approximately 500 mm?, the mice injected with MDA-MB-231shCtrl and
MDA-MB-231 shp21cells were randomly divided into two treatment groups (n = 6 per group).
Accordingly, 1 x 10° VV-EGFP virus/100 pL in PBS or 100 pL PBS was injected into the tumor
of the mice. The tumors were measured every five days. When the tumors reached 20 mm in
any dimension, the animals were euthanized.

Immunohistochemical staining analysis

Tumors were removed, fixed in formalin, embedded in paraffin wax, and cut into sections.
After standard basic protocols, including deparaffinization, rehydration, antigen retrieval,
and blocking, the tissue sections were stained with anti-p21 primary antibody and
horseradish peroxidase-conjugated secondary antibody and observed and photographed
under a microscope.
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Statistical analysis

GraphPad Prism (version 8.3.0) software (GraphPad, Inc., La Jolla, USA) was used to analyze
the data. Student's #-test or two-way analysis of variance was used to determine statistical
significance. The data are shown as the mean + standard deviation. The p-values considered
statically significant are indicated in the figures as follows: p < 0.05, p < 0.01, p < 0.001, and
p<0.0001.

RESULTS

p21 inhibits the proliferation and migration of breast cancer cells

Previous studies demonstrated that p21 is a tumor suppressor protein; however, evidence
indicates that p21 may also act as an antiapoptotic molecule [9]. To identify the role of p21
in breast cancer cells, we constructed MDA-MB-231 p21 KD and MCF-7 p21 KD cells using a
lentivirus carrying shRNA targeting shp21 and confirmed the expression of p21 in the two
cell lines (Figure 1A). We compared the proliferation of p21 KD breast cancer and control
cells. The results of the MTT assay showed that the viability of MDA-MB-231 shp21 and
MCF-7 shp21 cells was significantly increased compared with that of control cells (Figure 1B).
Next, we examined the effects of p21 KD on cell migration. As shown in Figure 1C and D, the
migration rates of MDA-MB-231 shp21 and MCF-7 shp21 cells were enhanced.

>
w

MDA-MB-231 MCF-7

MDA-MB-231 MCF-7 i

shCtrl  shp21 shCtrl shp21

Po1 b pr— 14 — —&— shCtrl 14 —&— shCtrl
shp21 shp21

Relative MTT signal
-+

Relative MTT signal
-

0 24 48 72 96 120 0 24 48 72 96 120
Culture time (h) Culture time (h)
Cc MDA-MB-231 MDA-MB-231 D MCEF-7 MCF-7
0.3 1.5
g * (Gl . -2 9
o o
c < *
shCtrl 8 — 0.2 T 8 ~ 1.0 T
°= 8=
20 e o0 g
qE_, E 0.1 s E 0.5
B (&) Reoliy
shp21 s o0
5] 5}
> 5 >
< ! 3
0- = 0-
shCtrl shp21 shCtrl shp21

Figure 1. p21 knockdown promotes the proliferation and migration of breast cancer cells. (A) Western blot result of p21 expression in shp21 and shCtrl breast
cancer cells. p21 expression was reduced in shp21 cells. (B) MTT results showed proliferation of MDA-MB-231 shp21 cells, MDA-MB-231 shCtrl cells, MCF-7
shp2icells, and MCF-7 shCtrl cells. The cell viability of shp21 breast cancer cells was increased compared with that of control cells. (C) MDA-MB-231 shp2icell
and MDA-MB-231 shCtrl cell migration photos in the scratch healing assay and quantification of average migration ratio. (D) MCF-7 shp21 cell and MCF-7 shCtrl
cell migration photos in the scratch healing assay and quantification of average migration ratio. The migration rate of p21 knockdown breast cancer cells was
significantly increased. Student’s t-test was used to compare the two groups. Data are shown as the mean =+ standard deviation.

shCtrl = short hairpin RNA control; shp21 = short hairpin RNA targeting p21; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

*p < 0.05, Tp < 0.001.
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To identify the contribution of p21 KD to the expression of proteins involved in cell
proliferation and tumor invasion, several proteins were detected using western blotting in
p21 KD cells. PCNA plays a role in regulating DNA replication, the cell cycle, and DNA repair
[18,19], and interacts with p21 in DNA replication [18]. PCNA is regarded as a standard
marker of proliferation for assessing the growth fraction of a cell population in the diagnosis
of breast cancer [20]. PCNA expression was increased in MDA-MB-231 shp21 and MCF-7
shp21 cells (Figure 2A). Vimentin is an intermediate filament protein recognized as a marker
for epithelial-mesenchymal transition [21]. Vimentin overexpression is closely related to
accelerated tumor growth, invasion, and poor prognosis [22]. E-cadherin, a protein normally
expressed in breast epithelial tissue as a tumor suppressor; its loss promotes carcinogenesis,
invasion, and epithelial-mesenchymal transition-associated metastasis [23,24]. Immunoblot
analysis also demonstrated that p21 KD upregulated the expression of vimentin and
downregulated that of E-cadherin (Figure 2A-C). These results support the role of p21 in
inhibiting the proliferation and invasion of breast cancer cells.

p21 Knockdown Promotes Breast Cancer and Inhibits Vaccinia Virus

To further determine the role of p21 KD in vivo, equal numbers of MDA-MB-231 shCtrl and
MDA-MB-231 shp21 cells were implanted into the mammary fat pads of nude mice, and
tumor xenograft growth was detected. The results showed that the tumor growth rate and
volume in the MDA-MB-231 shp21 group were significantly faster and larger, respectively,
than those in the MDA-MB-231 shCtrl group (Figure 2D and E). Immunohistochemical
staining analysis confirmed that p21 levels were much lower in the MDA-MB-231 shp21 group
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Figure 2. p21 knockdown (interferes with the expressions of proteins involved in cell proliferation and tumor invasion and induces rapid growth of breast cancer
cells. (A) Western blot showing the expression of proteins related to cell growth and invasion. (B, C) Western blot images were quantified and statistically
analyzed using Student’s t-test. (D) Tumor formation after implantation of MDA-MB-231 shp21 cells and MDA-MB-231 shCtrl cells into the fourth mammary fat
pads of nude mice. (E) Tumor growth curve. Tumor growth is shown as the mean + standard deviation. (F) MDA-MB-231 shCtrl or MDA-MB-231 shp21 tumors were
surgically removed. After fixation and sectioning, the tumor tissue sections were analyzed by immunohistochemistry using p21 monoclonal antibody.

shCtrl = short hairpin RNA control; shp21 = short hairpin RNA targeting p21; PCNA = proliferating cell nuclear antigen; GAPDH = glyceraldehyde 3-phosphate
dehydrogenase.

*p < 0.01, Tp < 0.001, *p < 0.0001.
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than in the MDA-MB-231 shCtrl group (Figure 2F), suggesting that p21 downregulation
triggered the growth of breast cancer cells in vivo.

Downregulation of p21 leads to reduced colony formation and sphere
formation of breast cancer cells

The colony formation assay is a widely used method to identify and quantify the self-renewal
capacity of mammalian cells cultured in vitro [25]. Because the proliferation of MDA-MB-231
shp21 cells was increased and a previous study reported that p21 can improve the colony
formation of murine myeloid progenitor cells [26], we speculated that the colony formation
of p21KD breast cancer cells would be increased. Unexpectedly, as demonstrated in the
colony formation assay (Figure 3A and D), the colony-forming units of MDA-MB-231 shp21
and MCF-7 shp21 cells were significantly lower than those of control cells. The sphere
formation assay (Figure 3B and E) consistently showed that spheres formed by p21KD breast
cancer cells were smaller than those formed by control cells. We then determined the relative
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Figure 3. Inhibition of p21 decreased breast cancer cells’ clonogenic and sphere formation abilities. (A) Colony formation photos and quantification of CFU of
MDA-MB-231 shCtrl cells and MDA-MB-231shp21 cells. (B) Sphere formation photos and quantification of the sphere formation efficiency of MDA-MB-231 shCtrl
and MDA-MB-231shp21 cells. (C) Relative mRNA levels of stem-related genes CD90, CD133, OCT4, and NANOG were decreased in MDA-MB-231 shp21 cells. (D)
Colony formation photos and quantification of CFU of MCF-7 shCtrl cells and MCF-7 shp21 cells. (E) Sphere formation photos and quantification of the sphere
formation efficiency of MCF-7 shCtrl cells and MCF-7 shp21 cells. Student’s t-test was used to compare the two groups. Data are shown as the mean = standard
deviation.

shCtrl = short hairpin RNA control; shp21 = short hairpin RNA targeting p21; CFU = colony-forming units.

*p < 0.05, Tp < 0.01, *p < 0.001.
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RNA levels of stem cell-related genes in MDA-MB-231 shp21 cells. We found that the relative
mRNA levels of CD90, CD133, 0CT4, and NANOG were decreased after p21KD (Figure 3C),
suggesting that p21 KD plays a role in maintaining breast cancer cell stemness.

p21 Knockdown Promotes Breast Cancer and Inhibits Vaccinia Virus

Downregulation of p21 results in suppression of the tumor-killing effect of
VV-EGFP

Vaccinia virus has been widely studied as an oncolytic therapy. To enhance its selectivity for
replication in tumor cells, deletion of the TK region of the vaccinia virus is a commonly used
genetic modification strategy. As several studies have shown that the level or function of p21 may
be related to TK1 [14-16], we hypothesized that p21 KD may interfere with the effect of vaccinia
virus with inactivated TK. We tested the tumor-killing effect of VV-EGFP. The cell viability results
showed that at a multiplicity of infection of 1-8, the cytotoxicity of VV-EGFP in MDA-MB-231
shp21 cells was alleviated compared to that in MDA-MB-231 shCttl cells (Figure 4A). Because VV-
EGFP is a TK-deleted vaccinia virus, we predicted that the difference in TK expression between
cells would influence cell survival after VV-EGFP infection. Therefore, TK expression levels were
measured. As shown in Figure 4B, the relative expression of TK was reduced in MDA-MB-231
shp21 cells compared to that in shCtr] cells.
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Figure 4. p21 knockdown impairs the oncolytic effect of the vaccinia virus. (A) Tumor-killing effect of TK-deleted vaccinia virus on MDA-MB-231 shp21 cells was
reduced compared to that on MDA-MB-231 shCtrl cells. (B) Relative mRNA level of TK in MDA-MB-231shp21 cells was lower than that in MDA-MB-231 shCtrl cells.
(C) Tumor-killing effect of wild-type vaccinia virus on MDA-MB-231 shp21 was greater than that on MDA-MB-231 shCtrl cells. (D) Replication ability of TK-deleted
vaccinia virus in MDA-MB-231 shCtrl cells and MDA-MB-231 shp21 cells. (E) Photographs showing that TK-deleted VV-EGFP successfully infected MDA-MB-23
shCtrl and MDA-MB-231 shp21icells. (F) p21 KD in MDA-MB-231 cells inhibited the oncolytic effect of vaccinia virus in mouse tumor burden experiments. MDA-
MB-231 shp21-derived cells (5 x 10° per mouse) and MDA-MB-23 shCtrl-derived cells (8 x 10° per mouse) were injected into the mice subcutaneously. Once

the tumor reached approximately 500 mm?, 1 x 10°VV-EGFP virus/100 uL in PBS or 100 pL PBS was injected into the tumor of the mice according to the group.
Student’s t-test was used to compare two groups, and two-way analysis of variance was used to compare multiple groups. Data are shown as the mean =
standard deviation.

shCtrl = short hairpin RNA control; shp21 = short hairpin RNA targeting p21; TK = thymidine kinase; VV-WT = vaccinia virus wild-type; NS = not significant; EGFP =
enhanced green fluorescent protein; VV-EGFP= vaccinia virus carrying enhanced green fluorescent protein; PBS = phosphate-buffered saline.

*p < 0.05, Tp < 0.001.
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Furthermore, VV-WT was used to determine whether TK inactivation in vaccinia virus
induced a difference in the tumor-killing effect between p21 KD and control cells. The

cell viability assay showed that VV-WT containing the TK region still induced a weaker
tumor-killing effect in MDA-MB-231 shp21 cells compared with in MDA-MB-231 shCtrl

cells (Figure 4C), suggesting that the oncolytic effect of the vaccinia virus was weakened in
p21-downregulated cancer cells. We further investigated the replication efficiency of VV-
EGFP in MDA-MB-231 shp21 and MDA-MB-231 shCtrl cells. The results showed that the viral
replication efficiency in p21KD TNBC cells was lower than that in control cells. However, this
difference was not significant (Figure 4D). Accordingly, based on the successful delivery of
VV-EGFP into MDA-MB-231 shCtrl and shp21 cells (Figure 4E), the in vivo animal experiments
showed that downregulation of p21 in MDA-MB-231 cells inhibited the oncolytic effect of
vaccinia virus (Figure 4F). Taken together, p21 KD in MDA-MB-231 cells impaired the tumor-
killing effect of vaccinia virus, indicating that the p21 level and p21-related pathway should

be considered when using vaccinia virus as a therapeutic vector. The underlying mechanism
of p21 downregulation, which interferes with the oncolytic effect of vaccinia virus, should be
further explored.

DISCUSSION

The high heterogeneity of breast cancer affects patient prognosis and treatment options [27].
Understanding the genetic and non-genetic variability of breast cancer will contribute to the
development of cancer-targeting therapeutics. p21 has been reported to play paradoxical
roles in the regulation of breast cancer [7,9] and has become a potential target for the
treatment of this disease. Although an online database (http://gepia2.cancer-pku.cn) revealed
lower expression of p21 in invasive breast carcinoma, some studies reported that increased
P21 expression in breast cancer is significantly correlated with larger tumor volume and poor
prognosis [10]. Antisense oligodeoxynucleotides to p21 inhibit the growth of the highly
metastatic breast cancer cell line Met-1 and tumor angiogenesis [28] and cause apoptosis in
MCF7 and T47D breast cancer cells [29]. A recent study showed that p53-p21 plays a novel role
in encoding DNA damage and fine-tuning proliferation and might contribute to maintaining
proliferation heterogeneity [30]. In the present study, we investigated the function of p21

in the TNBC cell line MDA-MB-231 using a lentivirus carrying shRNA targeting p21. In vivo
and in vitro experiments showed that p21 KD significantly promoted the development and
migration of breast cancer cells, indicating the tumor-suppressive activity of p21 in TNBC
cells (Figure 5).

The colony formation assay, also known as the clonogenic assay, was introduced several
decades ago and is used to assess the viability and reproducibility of single cells. This
method is widely used in cancer biology to evaluate cellular growth and stemness because
stem cells have the potential for continuous proliferation. p21 increases colony formation
in murine myeloid progenitor cells [26]. Combining our cell proliferation test and animal
experimental results, we predicted that p21 KD could increase the colony size or count.
Unexpectedly, sphere formation and colony formation assays revealed a reduction in both
the size and number of colonies and spheres in p21 KD breast cancer cells, consistent with a
previous study showing suppression of tumor sphere formation in PyMT mammary tumor
cells with p21 knockout [31]. Similarly, another study using the human colon cancer cell line
HCT116 revealed that the colony number and size of p21 null cells were smaller than those
of p21wt cells. Their nude mouse xenograft results also showed that p21-deficient xenografts
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https://ejbc.kr

grew faster at two weeks post-inoculation and that the tumors were larger and heavier than
p21wt tumors [32]. As the underlying mechanism, p21 defect triggers autophagy, which
inhibits initial tumorigenesis but fuels tumor growth in established tumors [32]. In addition,
considering the mRNA levels of stem cell-related genes in our results, the stemness of p21 KD
cells may be impaired. Previous research showed that for mesenchymal stem cells, colony-
forming efficiency is independent of in vivo survival and cannot be used as a metric of in vivo
survival [33]. Measurement of the colony-forming ability of human breast carcinomas in vitro
lacks prognostic significance [34]. It has also been reported that sphere culture is optional for
three-dimensional cell culture rather than enriching stem cells in breast cancer cell lines [35].
In the sphere formation assay, the primarily formed spheres do not truly identify stem cells,
as progenitor cells can also form short-lived spheres [36]. Therefore, further investigation of
the propagation of these spheres may contribute to the understanding of their self-renewal
ability. Collectively, the colony and sphere formation assays may not be warranted to evaluate
the tumorigenic ability of TNBC cells, and further investigation of the relationship between
p21, autophagy, and tumor progression in TNBC is needed.

Oncolytic virotherapy is an effective candidate for tumor therapy. Vaccinia virus, a member
of the oncolytic poxvirus family, is a double-stranded DNA virus with an important role in
eradicating smallpox and has been developed as an oncolytic agent based on its inherent
biological properties [11]. The oncolytic effects of several vaccinia viruses on breast cancer
have been previously studied. Deng et al. [37] reported that the vaccinia virus VG9-IL-24, in
which the TK gene region is disrupted and armed with the IL-24 gene, exhibits enhanced
antitumor effects in human breast cancer. The vaccinia virus GLV-1h153 has shown promising
therapeutic effects in the prevention and treatment of metastatic TNBC [38]. GLV-1h68 shows
preferential replication and cytotoxicity in breast cancer stem-like cells [39]. All vaccinia
viruses mentioned above are TK-deleted, which results in preferential replication of vaccinia
virus in cancerous cells with high intracellular nucleotide pools [12]. Some studies reported
arelationship between TK and p21 expression. The molecular function of p21 is disrupted by
its interaction with TK1 [14]. TK1 silencing upregulates p21 and suppresses the proliferation
of pancreatic ductal adenocarcinoma cells [15]. In p53" cells, DNA damage-induced p21
expression affects the cell cycle and TK1 levels [16]. Considering the interaction between TK

https://doi.org/10.4048/jbc.2024.0063 302



p21 Knockdown Promotes Breast Cancer and Inhibits Vaccinia Virus

JBC

https://ejbc.kr

and p21, we examined the effect of p21 KD on the tumor-killing effect of vaccinia virus with
TK deletion. Cell and animal experiments demonstrated that p21 KD weakens the oncolytic
effect of TK-deleted vaccinia virus. p21 KD in TNBC cells causes decreased expression of TK,
which may disturb the replication of TK-deleted vaccinia virus. Further investigation of other
mechanisms that contribute to the reduced tumor-killing effect of TK-deleted vaccinia virus
in p21 KD breast cancer cells is warranted.

It is undeniable that there are some limitations for our study. We only investigated the effect
of p21 in p21 KD cells. The underlying mechanism of p21 KD impairing the oncolytic effect of
TK-deleted vaccinia virus in TNBC cells was not fully elucidated. Overexpressing p21 in TNBC
cells and in-depth studying the mechanism of p21 KD influencing the tumor-killing effect of
vaccinia virus will help to fully understanding the function of p21.

Taken together, we found that p21 KD weakened the oncolytic effect of TK-deleted vaccinia
virus in TNBC cells (Figure 5). Our study provides a reference for application of TK-deleted
vaccinia virus in the treatment of tumors with differential expression of p21.
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