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Abstract

The current therapeutic strategy for managing malignant
phyllodes tumors (MPTs) is wide excision. However, despite
achieving negative surgical margins, this approach is associated
with a certain rate of local recurrence. As a potential therapeutic
strategy for high—risk patients, radiotherapy is considered, but its
efficacy 1s still debatable. In our study, we demonstrated the
positive impact of radiation treatment in in vivo PDX mouse models,
where significant tumor growth suppression and decreased mitotic
count were observed in the irradiated group compared to the
control. Our histological evaluation also indicated a reduced
tendency for stromal cellularity and pleomorphism in the irradiated
group. Analysis of differentially expressed genes (DEGs) after
tumor resection revealed upregulation of the p53 signaling pathway
and I—kappa B kinase/NF—kappa B signaling pathway. Two genes
with high fold—change values, MDM2 and DDBZ2, associated with
these pathways, were significantly upregulated in the irradiated
group. We found that the radiation—induced upregulation of DDB2
and MDMZ was conserved in Phyllodes tumor cells and tumor
models, but not in Breast Cancer cells. Additionally, cells deficient
in DDBZ and MDMZ2 demonstrated a decreased proliferation rate.
While DDB2 deficiency tends to promote S/G2M cell cycle transition,
overall apoptosis overrode this effect. MDMZ2 deficiency did not
significantly alter apoptosis or cell cycle distribution in PDX78 cells.
Radiation treatment (24Gy) eliminated the difference in pre—
existing proliferation rate in PDX78 cells, suggesting a potential
role for other upregulated genes or pathway interactions in
response to radiation. Furthermore, deficiency in DDB2 and MDM?2
in PDX78 cells led to an increase in cell migration and invasion,
suggesting diverse roles for these genes in different cancer stages.
Contrary to initial hypotheses, our research did not provide
evidence to support the concept that upregulation of DDBZ and

MDMZ2 contributes to radioresistance in Phyllodes tumor cells.
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However, we posit that an upregulation of these genes might play a
role in diminishing the proliferation of Phyllodes tumor cells under
the effect of radiotherapy. Furthermore, this could potentially result
in a reduction of cell migration and invasion capacities, potentially

inhibiting metastasis.

Keywords: Phyllodes tumor, Radiation therapy, PDX model, DDB2,
MDM2
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Chapter 1. Introduction

Phyllodes tumors, a subset of breast tumors with a unique
fibroepithelial origin and leaf—like appearance, account for 0.3 to
1% of all breast tumors [1—3]. These tumors are classified as high
risk due to their considerable local recurrence rate of 21% within
2—3 years post—diagnosis. Distant metastasis, primarily to the lung
and skeleton, is also seen in up to 28% of malignant Phyllodes
tumors. Unlike many other breast tumors, axillary lymph node
metastases are rare and surgical removal is typically not required
[1,2,4,5].

Phyllodes tumors are categorized by the World Health
Organization (WHO) as benign, borderline, or malignant, based on
various histological, molecular, and other tumor characteristics.
This diagnosis is comprehensive and includes considerations of
factors such as morphological heterogeneity, epithelial—stromal
ratio, stromal hypercellularity, nuclear atypia, mitotic count, stromal
overgrowth, and tumor margin. These characteristics differ in
severity from benign to malignant Phyllodes tumors. Despite these
classifications, Phyllodes tumors pose a diagnostic challenge. They
are hard to differentiate from fibroadenomas, especially in their
benign state, and other metaplastic carcinomas, which share similar
morphological and histological characteristics. An interdisciplinary
approach is necessary for diagnosis, encompassing histological
characteristics and additional molecular analyses, such as panels for
cytokeratins, p63, and CD34, along with investigation of mutations
in genes such as MED12, TP53, RARA, and PIK3CA [1,3].

Treatment strategy for Phyllodes tumors primarily involves wide
surgical excision without axillary lymph node dissection. The
application of adjuvant chemotherapy in the treatment of Phyllodes
tumors is uncertain due to the lack of clear evidence from numerous
studies linking its use to improved disease—free survival. Several
reasons could contribute to this lack of clear correlation. However,

for high—risk patients — particularly those presenting with
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extensive stromal overgrowth or large tumors exceeding 5 cm in
diameter — adjuvant chemotherapy could be considered as an
optional treatment strategy [1].

The impact of radiation therapy remains contentious, with studies
suggesting that it may reduce local recurrence rates but not affect
disease—free survival or overall survival rates. The role of adjuvant
chemotherapy is also uncertain, with many studies unable to
demonstrate a correlation between chemotherapy and improved
disease—free survival.

In this study, we aim to examine the effect of radiation treatment
on Phyllodes tumors at both in vivo and in vitro levels using
patient—derived xenograft (PDX) models and cells derived from

them.

1.1. Study Background
First, we used Patient—Derived Xenograft (PDX) models to

evaluate the impact of radiation treatment on malignant phyllodes
tumors (MPTs). Human MPT tumor tissues were transplanted into
the abdominal mammary glands of these models, with each graft
measuring 1 mm?® . Once the tumors in the PDX models reached a
size of 400 mm?® , we applied radiation in four fractions of 6 Gy
(totaling 24 Gy) at 24—hour intervals. We carried out histological
examinations and differential gene expression analyses on the
tumors, which were resected either 15 days after irradiation or
upon reaching a size of 1000 mm? .

Our preliminary findings revealed a significant suppression of
tumor growth in the irradiated group compared to the control (n=3,
P=0.015, Wilcoxon test) (Figure 1). Upon histological examination
(Table 1), the irradiated group exhibited a lower mitotic count
(mitoses/10 High Power Field (HPF), 2.3 + 3.2 vs. 22.0 + 11.1,
p=0.04), and presented reduced tendencies towards stromal
cellularity and pleomorphism (p=0.057, p=0.184, respectively). No
differences were found concerning stromal overgrowth, and distant

metastasis was not observed in either the irradiated or control



groups.

We identified 25 genes with upregulated values in the irradiated
group compared to the control group (log2 fold change > 1 with p—
value < 0.01) through Differential Gene Expression (DEG) analysis
(Figure2). Two pathways, pb3 signaling and IkB—kinase/NFkB
signaling, were upregulated in the irradiated group. Consequently,
two genes closely associated with these pathways were selected
for further investigation, given their high fold—change values
(Table2).
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Figure 1. Tumor growth rate of MX99 patient—derived
xenograft (PDX) model with or without irradiation.
Error bar illustrate mean £ SD. #*p=<0.05. p—values were
determined by the 2—way ANOVA test.



Table 1. Histopathological Evaluation of Tumor Samples Derived

from PDX Models in Control (C) and Irradiated (R) Groups
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C1 3 2 10 0 0 0
Cc2 3 2 32 0 0 0
C3 3 2 24 0 0 0
R1 2 1 0 0 0 0
R2 1 1 1 0 1 0
R3 2 2 6 0 1 0
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Figure 2. Identification of key genes potentially associated the
radiobiological response of phyllodes tumors.

Red dots indicate genes that are upregulated in an Irradiation
group identified by Differential Gene Expression (DEGs) analysis.
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
analysis identified upregulated signaling pathways in Irradiated

group.

Table 2. Differential Gene Expression Analysis Highlighting the
Prominent Upregulation of DDB2 and MDM?2 in the Irradiated Group

Gene name P—value logFC
MDM?2 0.000182 2.058494
DDB2 0.006827 1.893563

In this study, we focused on the upregulated genes in a
radiation therapy group within an in vivo PDX model study, and the
subsequent pathways which may contribute to the tumor’ s
response to radiotherapy. One such gene, DDB2 (Damaged DNA
Binding Protein 2), is recognized for its involvement in Nucleotide
Excision Repair (NER), primarily by participating in DNA binding
and UV-related DNA damage recognition, alongside DDB1. This

results in high sensitivity to sunlight (xeroderma pigmentosum)
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when mutated [6]. It has been suggested that the DDB2—containing
complex may also participate in ubiquitin—mediated proteosomal
degradation pathways, especially p21 and pb53 [7]. Despite these
findings, the role of DDB2 in these pathways and its degradation by
Cul4 A remains debatable [8,9].

On the other hand, MDM?Z2 is a well—documented ubiquitin ligase
known as a primary cellular inhibitor of the tumor suppressor
protein p53 [10]. MDMZ2 was also reported to be associated with
Retinoblastoma gene product (pRB) ubiquitination and degradation,
which can result in pRB downregulation and stimulation of
carcinogenesis [11]. MDMZ2 is often overexpressed or abnormally
activated in advanced breast cancer, which suggests its potential
oncogenic role [12]. In particular, with addition to our theme, it was
suggested that MDMZ2/X inhibitors along with radiation treatment
may help in bringing up the antitumor function of p53, playing a
radio sensitizing function [13]. Notwithstanding, some studies
indicate a possible opposite function, such as a stabilization role for
p53 in a truncated state [14].

In summary, these findings, as well as the demonstrated
negative correlation between DDBZ2 expression levels and
histological grade of breast tumors, and the possible tumor—
suppressing roles of DDB2 and MDMZ2, emphasize the necessity for
further examination of these genes' roles in malignant phyllodes
tumors.

We also used cells derived from the corresponding PDX models

to assess the effect of radiation on malignant phyllodes tumors.



Chapter 2. Materials and Methods

Cell culture
PDX78 and MX99 cell lines were obtained from patient derived

xenograft model through dissociation of tumor cells using tumor
dissociation kit for human cells (Miltenyi Biotec., Order no. 130—
095-929). All the process was done according to the manufacturing
protocol. MDA—MB—-231 were purchased from Korean Cell Line
Bank in February, 2022. All cell lines were cultured in DMEM high
glucose w/stable Glutamine w/Sodium (1.L0O103—500, BIOWEST),
supplemented with 10% of fetal bovine serum (FBS) and 1% of

penicillin and streptomycin (Solution 100X, L0022—-100, BIOWEST).

Maintaining conditions are humidified atmosphere with 5% COg2 at
37 °C.

siRNA treatment

Pre—designed siRNA targeting human DDB2 (sc—37799) and a
scramble control siRNA (sc—37007) were purchased through Santa
Cruz Biotechnology (South Korea). Pre—designed siRNA targeting
human MDMZ2 was purchased with Bioneer Corporation (Daejon,
South Korea, MDM2—-4193—1). Cells were seeded to 6 well plates
in an amount of 2.5%1075 cells/well for MDA-MB-231 and
1.5%¥1075 cells/well for PDX78 cells. After 24 hours’ siRNA
treatment was done in a final amount of 25pmol/well (6 well plates)
of needed siRNA using Lipofectamine—RNAIMAX Reagent (13778—
150, Invitrogen) and Opti—MEM Medium. Treatment was conducted
by the manufacturing protocol. Cells further were incubated for 72
hours at 37 °C, with media change afterwards before starting

sequent experiments, if not said otherwise.

Radiation treatment
Radiation treatment were conducted using TrueBeam STX. For
the preliminary experiments the Radiation dosage ranges in 6, 12,

18, 24, 30 Gy. Due to these preliminary studies further experiments
§
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were later fixated on 24Gy. Media change was performed before
applying the radiation and all sequent in vitro analyses were
conducted after 24 hours after Radiation applied, if not said

otherwise.

Proliferation Assay

Cells were seeded on flat—bottom 96—well culture plates in a
concentration of 3x1073cells per well for PDX78 cells and
2x10"73cells per well for MDA—MB-231 cells. After their adhesion
or after Radiation treatment, cell proliferative count was observed
from 0—96 hours. Cells were incubated with 20ul of thiazolyl blue
tetrazolium bromide (50ug/ml stock solution, MTT, Sigma-Aldrich)
for 2 h at 37° C. The medium was discarded and 200ul of dimethyl
sulfoxide (DMSO, Duchefa Biochemie) was added to each well and
mixed well with a multipipette to dissolve formazan crystals formed
during the incubation. Absorbance was determined at 570 nm using
a microplate reader (BioTek Instruments, Vermont, USA). All the

data was normalized to the O hour values for each sample.

Apoptosis assay

Apoptosis  assay was performed using FITC—AnnexinV
Apoptosis Kit (Ref. 556547, BD Bioscience). For FITC—Annexin
staining all the processes were performed in a doom light. All cells
were included in an analysis, consisting of floating cells in a media
and adherent cells, which were detached later by trypsinization.
Then, cells were washed with a cold DPBS twice, counted and
distributed to the FACS tubes in a concentration of 3—4%10"5 cells /
tube. After 5 minutes 1500rpm centrifugation, PBS was discharged
and a 1X binding buffer was added in an amount of 100ul. After a
gentle vortex PI and Annexin was added to the corresponding tubes
(4 tubes for each sample: unstained, PI only, Annexin only, PI and
Annexin together). Cells were vortexed gently, incubated for 15
minutes in a room temperature in a dark. 200—300ul of Binding

buffer were added to the cell suspension after the incubation and
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then cells were analyzed afterwards within 1 hour.

Migration and Invasion assay analysis

Cells were first harvested by trypsinization and washed with PBS
twice. Further, 2#*1075 cells for invasion and 1*%10"5 cells for
migration analysis, PDX—-78 cells were centrifuged and
resuspended in 200ul of free media (without FBS). Then this
suspension was placed into the 8um pore insert for 24 well usage
and full media with FBS was applied outside the insert. For invasion
analysis inserts were coated with diluted in free media 1:10
matrigel 30 minutes before ahead under 37C conditions. Cells
were incubated for 20 hours and stained afterwards. Fixation
contained placing inserts into the methanol for 20 minutes and 10
minutes of paraformaldehyde (PFA) 4% with PBS washing between
all stages. Staining was performed with 1% Crystal violet solution,
placing inserts in this solution for 2 minutes with further PBS
washing and cleaning of the inside part of insert with a wool. After
drying up in the air cells were photographed with a bright field in 4X

focus.

Cell Cycle Analysis

For the Cell Cycle Analysis all the process was performed in a
doom light. First, adherent cells were detached from the surface by
trypsinization. Cells were washed with DPBS twice and
resuspended in a small amount of a cold PBS. Further cells were
incubated with 5ug/ml of Hoechst 33342 in a dark at a room
temperature for 60 minutes and analyzed afterwards. DNA content

analysis was carried out in a BD FACS Symphony flow cytometer
(BD Bioscience, USA) and analyzed with a FACS software.

DNA Damage analysis

DNA Damage analysis was performed using a OxiSelect™ Comet
Assay Kit (3—well slides) (STA-351, Cell Biolabs). All the

incubation periods were performed in a dark, and all the
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transporting action should be performed strictly horizontally without
disturbing the gel location. After all buffers were prepared and put
to the fridge for cooling, agarose was heated for 20 minutes in 95°
C and kept at 37° C bath till it needed. After making a base layer of
75ul of agarose on a slide and making it harden in 4° C for 15
minutes, previously prepared cell solution in a cold PBS with a final
concentration of 1¥10"5 cells were mixed with a warm agarose in a
1:10 ratio. 75ul of this cell suspension in agarose were added above
the basal layer and put to 4° C for 15 minutes in the dark. Further
incubation of cells in a cold Lysis Buffer was performed for 1 hour
at 4° C in the dark conditions, buffer was changed to the Alkaline
Solution and incubated for another 30 minutes at 4° C in the dark.
Alkaline Solution was then replaced with a pre—chilled TBE
Electrophoresis Solution, immersed for 5 minutes and the same
process was repeated twice. TBE electrophoresis was performed
for 15 minutes at 25 volt conditions. Then glasses were rinsed by
immersing it to the pre—chilled distilled water for 2 minutes 3 times,
with afterwards replacement for 70% cold Ethanol for 5 minutes.
After that slides were let to dry at the dark, then added above with
a 100ul/well of diluted 1X Vista Green DNA Dye and incubated for
15 minutes (in the dark), the cell analysis was performed counting
about 50—100 cells per sample with a Fluorescent microscopy.
Results were analyzed in Tail DNA % calculated by the next
formula: Tail length/Cell length*100%.

Quantitative real time PCR

Total RNA was extracted from cells using Tri—RNA reagent
(FATRROO1, Favorgen). The reverse transcription of RNA was
done by PrimeScript™ RT Master Mix Kit (RRO36A, Takara) with a
final RNA concentration of 2,5 ug/ul. gPCR assays were conducted
using a Power SYBR Green PCR Master mix (Ref.4367659, Thermo
Scientific). Reactions were performed on an ABI7500 real—time
PCR System (Thermo Scientific, Massachusetts, USA). To analyze

the relative mRNA expression levels, all the data was normalized to
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the mRNA level of GAPDH and expressed as fold changes against

the lowest or the control value. Primers used in this research are
illustrated in a Table 3.

Table 3. Sequences of the Primers Used in the Research

Primer

sequences

used for identification of gene mRNA

expression via gPCR technique in human (h) and mouse (m) cells

Gene Orientation Sequence (5°—3°)
h_GAPDH Forward GTCTCCTCTGACTTCAACAGCG
Reverse ACCACCCTGTTGCTGTAGCCAA
h_DDB2 Forward CCAGTTTTACGCCTCCTCAATGG
Reverse GGCTACTAGCAGACACATCCAG
h_MDM2 Forward TGTTTGGCGTGCCAAGCTTCTC
Reverse CACAGATGTACCTGAGTCCGATG
h_p21 Forward AGGTGGACCTGGAGACTCTCAG
Reverse TCCTCTTGGAGAAGATCAGCCG
h_p53 Forward CCTCAGCATCTTATCCGAGTGG
Reverse TGGATGGTGGTACAGTCAGAGC
m_Gapdh Forward CATCACTGCCACCCAGAAGACTG
Reverse ATGCCAGTGAGCTTCCCGTTCAG
m_ddb2 Forward GCAAAAGTCGCAGAGGTCCTCA
Reverse CCTGACAATGCTGCTACTCCGT
m_mdm2 Forward CCGAGTTTCTCTGTGAAGGAGC
Reverse GTCTGCTCTCACTCAGCGATGT

11 M =Z2THer 7y



Western Blotting

To make lysates cells were harvested, washed with DPBS, and
frozen at —80°C before use, then added with RIPA buffer, EDTA
100X and Protease inhibitor Coctail 100X (Ref. 87785, Thermo
Fisher). In this state lysates were incubated for 10 min on ice, and
centrifuged at 12000 rpm for 15 min at 4° C. Then supernatant was
collected and protein concentration was measured. Protein
concentration in each sample was analyzed by using Pierce™ BCA
Protein assay kit (Ref. 23225, Thermo Scientific). Western Blotting
samples were prepared by boiling cell lysates at 95° C for 3
minutes with SDS 5X making an equivalent amount of protein in
each sample. Needed amount of protein sample were loaded and
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE), further transferred to poly—
vinylidene fluoride (PVDF; Sigma—Aldrich, missouri, USA)
membranes. After the transfer all memranes were checked for
transfer efficiency with Ponceau S Staining solution (Ref.
A40000279, Thermo Scientific), washed afterwards with a transfer
buffer and T—TBS solution consequently. After blocking with 5%
Albumin Bovine (BSA, AC1025—100-00, Biosesang) South Korea)
T—TBS solution, membranes were incubated with corresponding
primary antibodies overnight at 4 ° C. The secondary antibody was
diluted (1:5000) in a 5% skim milk T—TBS solution. Protein bands
were detected using an Amersham™ Imager 680 (GE Healthcare
Life Science, IL, USA) with SuperSignalTM West Pico PLUS
Chemiluminiscent Substrate (Ref. 34580, Thermo Scintific) or West
Femto Maximum Sensitivity Substrate (Ref. 34095, Thermo
Scintific) for weak signals. The following antibodies were used,
anti— 8 —actin (sc—47778; Santacruz) in 1:2500 dilution, anti—alpha
tubulin (A305—798A, Bethyl) with 1:1000 dilution, anti—DDB2
(ab51017, abcam) with 1:700 dilution, anti—-MDMZ2 (SMP14, sc—
965, Santacruz technology) with 1:700, dilution, p21 (sc—397,
Santacruz technology) with 1:800, dilution, p53 (sc126, Santacruz
Technology) with 1:800 dilution, cleaved caspase3 (cst9661, Cell

12 ] 2-1



Signaling Technology) with 1:1000 dilution, cleaved PARP (cst9544,
Cell Signaling Technology) with 1:1000 dilution, bcl—2 (sc7382,
Santacruz technology) with 1:800 dilution ratio.

Statistical analysis

GraphPad Prism ver. 9 (GraphPad Software, San Diego, CA,
USA) was used to illustrate graphs and perform statistical analysis.
Data values are presented as mean T standard deviation (SD). To
analyze the difference between two groups with an element number
within 10 wvalues the Mann—-Whitney U tests were used. To
determine the difference in a Proliferation Assay analysis the 2-—
way ANOVA was used, as it also includes the time period, as well
as 1—way ANOVA to define the difference in a process alone for
each sample. P values less than 0,05 were defined as statistically

significant.
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Chapter 3. Results and discussion

Phyllodes tumor cells

The PDX78 and MX99 cells, derived from a patient model, were
initially implanted bilaterally into the fat pad region (4th gland). Cell
morphologies were established after several passages post—tumor
dissociation (Figure 3).

PDX78 cells demonstrated an average proliferation rate of
approximately 24—26 hours in DMEM media. Unfortunately, the
division speed of MX99 cells could not be determined due to their
notably slow growth rate. The size of MX—99 cells ranged from 200
to 300pm, while PDX78 cells measured between 100—300pm.
These dimensions are larger than those of typical breast cancer cell
lines, such as MDA—MB-231, making them easily observable under
4X magnification.

Interesting observations were made when examining the
chromosomal material of phyllodes cells, particularly PDX78, using
GTG staining techniques (data not shown). Among all observed
metaphase plates of PDX78 cells, most displayed 47 chromosomes
with certain abnormalities. However, the detailed interpretation of
these abnormalities falls outside our expertise and the scope of this
study. Although certain chromosomal abnormalities are known to be
associated with different types of phyllodes tumors—for instance,
1lg gain and 13q loss in high—grade PTs—identifying such
chromosomal alterations could potentially aid in diagnosing tumor

type and grade [1].
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Figure 3. Phyllodes tumor cell lines: cell morphology.
MX99 cell line (a) and PDX78 cell line (b). Illustrated cells are
from the passage O (after tumor dissociation) in different density

(first 2 rows), and after a few passages (last row). All pictures

were taken with x4 focus.
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Effects of Radiation on Cell Morphology, Growth

Rate, and Expression of Corresponding Genes

Breast cancer cell lines, human and mouse—origin fibroblast cell
lines, and phyllodes tumor cells were screened for differential
expression of MDM2 and DDB2 genes at the mRNA (using qPCR
technique) and protein (using Western Blot) levels (Figure 4).
Elevated MDMZ mRNA expression levels were observed in
Phyllodes tumor cells and fibroblast—origin cells, whereas DDB2 did
not display the same trend. Instead, DDBZ2 expression increased in
non—metastatic cells such as BT474 and MCF7, mirroring results in
[15], where it was implicated in breast cancer proliferation and
S1/G phase cell cycle progression in non—metastatic cells. The
human fibroblast cell line, WI—38, also showed increased DDB2
mRNA expression levels. An elevated level of 60kDa MDM2,
believed to play a stabilizing role for p53 [14], was observed at the
protein level (Figure 4b).

From this screening, four cell types were selected for further
experimentation: PDX78 and MX99 phyllodes tumor cells obtained
from primary tumor cells of the PDX mouse model (Figure 1), the
MDA—-MB-231 TNBC—origin breast cancer cell line, and the human
fibroblast cell line WI—38. However, WI—38 was subsequently
excluded due to its extremely slow growth rate and the associated

challenges this presented for experimental procedures.
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level was determined by Western Blot analysis with b—actin as a

loading control.

Similar to the in vivo study, we observed a rapid upregulation of
MDM2 (~5.9 fold for 24 Gy) and a modest increase in DDB2 mRNA
levels (~1.82 fold for 24 Gy) in RT—treated PDX78 cells (Figure
5a) measured 4 hours post—radiation application. Morphological
changes in cells were noticeable after a few passages: radiation—
treated cells (6, 12, 18, 24, 30 Gy) appeared more spread out,
rounded, and larger in size compared with the untreated control
group (Figure 6a). Similar morphological changes were observed
for the MDA—-—MB—231 cell line after 24 Gy radiation treatment, but
not for MX—=99 cells (Figure 6b). The growth rate of PDX78 cells
also decreased in response to radiation, with the most significant
changes observed in the 24 and 30 Gy groups (Figure 5b).
Unfortunately, growth rate changes in the MX—99 cell line were not
observable due to their exceptionally slow proliferation rate,
although the cells remained viable.

Taking into account these preliminary findings on gene
expression changes following radiation treatment, we determined
that the radiation dosage should be fixed at 24 Gy to optimize
further experiments, as this dosage also exhibited the most
significant difference in MDMZ2 and DDBZ gene expression between

the radiation—treated group and the untreated control (Figure 5a).
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Figure 5. Impact of radiation exposure on the upregulation of
targeted genes and the proliferation rate in phyllodes tumor PDX78
cells under in vitro conditions.

a — The relative expression of 2 genes (MDM2 and DDBZ2) in
control and Rt—treated samples (0, 6, 12, 18, 24, 30 Gy) in PDX78
cell line, measured after 4 hours after radiation treatment. qPCR
data was normalized to the mRNA level of GAPDH and expressed as
fold changes against the control value. Error bars denote mean £
SD. Statistical analysis: non—parametric Mann—Whitney test: *p—
value <0.05 (one—tailed). The statistical difference showed only for
the smallest value. b — Growth rate change of PDX78 cells under
radiation applied. Growth rate decreases in Rt—treated groups
compared with a control sample measured with MTT proliferation
assay in different cell concentrations. All data normalised to O hour
and expressed as a fold change against it. Error bar illustrate mean

£ SD. *p=<0.05, #*<0.01, #=**<0.001, ***x<0.0001. p— Values were
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determined by 2way ANOVA (left) or lway ANOVA (right) test.
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4 days after Rt-treatment

11 days after Rt-treatment

MX-99

PDX78

MDA-MB-231

Figure 6. Morphological alterations observed in cells subjected to

irradiation.
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a — Illustrated PDX78 cells show a different morphology upon
radiation applied (6,12,18,24,30 Gy) compared with untreated
control sample. It can be seen after 1—2 passages (4—11 days). b —
cell morphology change after radiation applied (24Gy) in MX99,
PDX78 and MDA—-MB-—231 cells. All pictures were taken with x4

focus.

To investigate whether the expression of the studied genes is
time—dependent post—IR application, we measured mRNA levels
using qPCR over timeframes of 4 — 72 hours for MX—99 and 4
hours — 3 weeks for PDX-78 and MDA—-MB—-231. The shorter
timeframe for MX—99 was due to insufficient cell numbers for the
experiment. We further confirmed the upregulation of MDMZ2 and
DDBZ2 in both phyllodes tumor cells, with MX99 cells exhibiting a
greater extent of upregulation compared with PDX78 cells.
However, upregulation of our genes of interest was only observed
in the phyllodes tumor cells (Figure 7 a, b), but not in the breast
cancer cell line MDA—-MB-231 (Figure 7 c), which was previously
considered non—responsive to radiation [16]. MX—-99 cells
demonstrated a gradual increase in MDMZ2 and DDBZ mRNA
expression levels from 4 to 72 hours post—radiation treatment,
while PDX—78 displayed an initial increase followed by stabilization
or decrease in mRNA levels within the examined period. Conversely,
the MDA—MB—-231 cell line showed no stable increase in response
to radiation, but rather a constant expression level or even a
decrease (Figure 7c¢). Moreover, these two genes have been
proposed as dosimetric for prostate cancer tissue as they were up—
regulated even 14 days post a single 10Gy radiation dose and could
assist in distinguishing between irradiated and untreated tissues
[17]. Given this, DDB2 and MDMZ2 may play a dosimetric role, but

this seems to be specific to certain tissue or cancer types.
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Figure 7. Temporal changes in DDB2 and MDMZ mRNA
expression in response to radiation treatment across different cell
types.

a — The relative mRNA expression level of DDB2 and MDM?2 in
Control (0 Gy) and Radiation treated samples (24 Gy) measured
after 4h, 24h, 48h, 72h (for MX—99 (a)), 1 week and 3 weeks (for
PDX-78 (b) and MDA-MB-231 (c)). All qPCR data was
normalized to the mRNA level of GAPDH and expressed as a fold

change against the control value. Error bars represent mean * SD.
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Effect of DDBZ and MDMZ2 downregulation in
PDX78 cells

To understand the impact of the genes of interest on cells, we
employed siRNA to silence DDBZ2 and MDMZ2 in PDX78 cells.
Downregulation of DDB2 resulted in a decreased proliferation rate
in PDX78 cells (Figure 8b). This finding aligns with similar results
obtained in [15], where an oncogenic role of DDB2 in breast cancer
cell lines was identified, increasing cell cycle progression through
the G1/S phase. They also reported heightened expression of DDB2
in ER—positive non—invasive cells (MCF7, T47D), but not in ER—
negative invasive (MDA-MB-231, SKBR3) breast cancer or
normal epithelial cells, corroborating the same results in 16 breast
carcinoma patients. This suggests that DDB2 may serve different
functions at different stages of breast cancer development.
However, contradictory results have been reported for ovarian and
prostate cancer [18]. Furthermore, as mentioned earlier, DDB2 was
found to play a crucial role in inhibiting migration and invasion
processes in aggressive breast cancer, as observed in [19], through
upregulation of IkBa and consequent NFkB downregulation. This
was further supported by the negative correlation between DDB2
level and histologic SBR grade in the same study of breast
carcinoma patients, including 92 samples. Collectively, these
findings underscore the duality of DDBZ and cell specificity,
highlighting the complexities of studying DDBZ2.

Radiation treatment appeared to neutralize this effect on the
proliferation rate of PDX78 siDDBZ under any radiation dose applied
(data shown only for 24Gy), resulting in no significant difference
between control and DDB2 downregulated cells (Figure 9b). Figure
8c also shows the proliferation rate of siCTL and siDDB2 treated
cells without radiation treatment (first column) and under 6—30Gy
radiation (columns 2—6). The associated decrease in proliferation
rate for siCTL cells with upregulated DDB2 (Figure 8a) is greater
compared to the decrease in the proliferation rate of siDDBZ2 with a

DDBZ2 downregulated state under radiation. Although the overall

3 = i g
2 4 .-':lx_! "%|-. -T I| !
I - I



proliferation rate for both siRNA treated cells shows no difference,
these results suggest that DDBZ2 may have separate or distinct
functions in cell regulation in upregulated or deficient states, with
possible involvement of p21, bcl2 and other regulating molecules
[7,19].

Another observable difference in siCTL and siDDBZ2 radiation—
treated PDX78 cells is the increased level of MDM?2 in both groups,
while DDB2 level only increases in the control group cells (Figure
8a). Cell cycle arrest can occur in DDB2 deficient cells due to the
upregulation of p21, but it can only be reached in the presence of
MDMZ2, which defines an independent function of MDM2 from p53
[7]. Hence, we hypothesize a complex network regulating PDX78's
reaction under irradiation, involving interconnected signaling

pathways for our genes of interest.
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Figure 8. The effect of DDB2 gene silencing on proliferation

rate in PDX78 phyllodes tumor cells, and the mitigating impact of

irradiation.

a — The relative mRNA expression level of DDB2 and MDM?2
measured right after 72 hours’ siRNA incubation in PDX—78. All
gPCR data was normalized to the mRNA level of GAPDH and

expressed as a fold change against the control value. b — Growth
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rate change of PDX78 cells with siRNA treatment under 24Gy Rt—
treated or untreated conditions. Error bar illustrate mean = SD.
Statistical analysis: 2—way ANOVA. *p=<0.05, **<0.01, =*<0.001,
#k%%x<(0.0001. ¢ — Growth rate change of PDX78 cells with siRNA
treatment under Rt—treated (6—30Gy) or untreated conditions
illustrated separately (Statistical analysis is not illustrated due to
the complexity of this scheme). All data normalised by O hour and

expressed as a fold change to it.

Silencing MDM?2 resulted in decreased proliferation rate in
PDX78 cells (Figure 9b). This decrease in proliferation rate might
be due to upregulated p53 activity resulting in cell cycle arrest or
apoptosis, considering MDMZ2's primary function in inhibiting p53, a
crucial tumor suppressor, and a significant regulator in a cell.

Radiation treatment resulted in an absence of statistical
difference between siCTL and siMDM?Z2 cells, but with the note that
this only applies to 24 Gy application. Other dosages maintained
decreased values for siMDMZ2 cells, which is questionable
considering the upregulated levels in both siRNA —treated cells.

Also, siMDMZ silencing resulted in a decrease of proliferation
itself, and some extra decrease can be seen with radiation applied
(with MDMZ2 upregulation) (Figure 9c¢), which is opposite with an
assumed MDMZ2 oncogenic role in irradiated conditions [20].
Altogether, according to these results and to two—sided effects of
MDM?2 reported in [20, 21], we can suggest that MDM2 also may
have separate or distinct functions in cell regulation in upregulated

or deficient states.
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Figure 9. Effects of MDMZ2 gene silencing on the proliferation

rate of PDX78 phyllodes tumor cells, and the augmentation of these

effects following radiation—induced MDM2 upregulation.

a — The relative mRNA expression level of DDB2 and MDM?2
measured right after 72 hours’ siRNA incubation in PDX—-78. All
gPCR data was normalized to the mRNA level of GAPDH and
expressed as a fold change against the control value. b — Growth
rate change of PDX78 cells with siRNA treatment under Rt—
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untreated conditions. ¢ — Growth rate change of PDX78 cells with
siMDMZ2 treatment under Rt—treated (6—30Gy) or untreated
conditions. Statistical analysis: 2—way ANOVA. *p<0.05, #*<0.01,
#k%<(0,001, ***x<0.0001. d — Growth rate change of PDX78 cells
with siRNA treatment under Rt—treated (6—30Gy) or untreated
conditions illustrated separately (Statistical analysis is not
illustrated due to the complexity of this scheme). All data
normalised by O hour and expressed as a fold change to it. Error

bar illustrate mean £ SD.

Finally, double siRNA treatment (Figure 10) was conducted
based on the assumption that the difference in the proliferation rate
between the control and siDDBZ2 treated group in PDX78 could be
due to the upregulation of MDMZ mRNA expression. This
preliminary investigation did not yield noticeable differences
between siDDBZ treated and siDDB2+siMDMZ2 treated cells due to
the downregulation of MDMZ2 in DDBZ2 deficient state. Hence,
further investigations need to be conducted. Additionally, while
investigating the apoptotic outcome, we observed the upregulation
of bcl2 protein under DDB2 deficient state in Figure 10c, supporting
involvement of DDBZ2 in bcl2 [22] and possible apoptosis regulation.
In conclusion, the complex nature of DDBZ and MDMZ2 functions in
cell proliferation and the contrasting outcomes with different cancer

cell lines indicate the need for further research.
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Figure 10. Comparative effects of DDBZ silencing alone and
combined DDB2 and MDM2 silencing, with DDB2 downregulation
inducing further downregulation of MDM2 expression.

The relative mRNA expression level of DDB2 (a) and MDM2 (b)
in PDX—78 cells. All gPCR data was normalized to the mRNA level
of GAPDH and expressed as a fold change against the control group
value. ¢ — Expression of corresponding genes in the protein level
was determined by Western Blot analysis with b—actin as a loading

control.
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Secondly, we also utilized the Annexin—FITC apoptosis assay in
our FACS analysis to discern the differential counts of apoptotic,
dead, and live cells. The cells were stained with Annexin—FITC and
PI, with the subsequent determination of cell viability based on the
selective membrane permeability of these dyes under various states
of membrane integrity. Upon confirming the efficacy of siRNA
treatment following 72 hours of incubation (Figure 1la), we
harvested all cells, including those floating in the medium, for FACS
analysis. PDX78 cells displayed an increasing propensity toward
apoptosis under conditions of DDBZ deficiency. Combining these
results with our proliferation assay findings, we suggest that the
observed decrease in growth rate in the DDBZ2 silenced state could,
in part, be attributed to increased apoptosis. These findings are
contrary to those in [7], where it was reported that even in a DDB2
deficient state, cells did not undergo apoptosis. Instead, a cell cycle
arrest was observed, in opposition to the elevated levels of anti—
apoptotic bcl—=2. As previously noted, we observed a decreased
MDMZ2 level in DDB?2 silenced cells, which is essential for inhibiting
apoptosis along with p21.

Conversely, MDM?2 silenced PDX78 cells showed a slight
increase in apoptotic count, which may also be linked to p53
function. However, overall, we can hypothesize that there is no
significant difference between siCTL and siMDMZ2 cells in apoptotic

count.
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Figure 11. Flow cytometry—based apoptosis assay results for
PDX—-78 cells following siRNA treatment.

a — The relative mRNA expression level of DDB2Z and MDMZ2 was
measured by qPCR in PDX78 cells. All gPCR data was normalized to
the mRNA level of GAPDH and expressed as a fold change against
the control group value. Error bar illustrate mean = SD. Statistical
*p—value<0.05
(one—tailed). b — representative FACS Annexin V assay results for
PDX—-78 siDDB2 (upper row) and siMDMZ2 (below row) treated
cells. ¢ — Representative results of total cell count in FACS Annexin
analysis for PDX—78 siDDB2 (upper row) and siMDM2 (below row)

treated cells.

analysis: Non—parametric Mann—Whitney test:
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For PDX78 cells, both untreated and radiation—treated conditions
under siCTL exhibited no difference in apoptotic or dead cell count.
Nevertheless, with siDDB2 or siMDMZ, a slight increase in
apoptosis was observed. Intriguingly, the proliferation rate
difference between untreated and radiation—treated cells was
previously depicted in Figure 5b or 10c. Yet, without a difference in
apoptosis for the radiation group, it compels us to explore other
mechanisms of cell death or cellular quiescence that we have not
accounted for. These findings underscore the complex nature of
cellular processes and the variability across different cell lines or
cancer types.

Furthermore, we observed that PDX78 cells consistently
upregulated DDB2 and MDM2 when subjected to radiation (Figure
12a). This observation lends further support to the proposition that
DDBZ2 and MDMZ2 could serve as markers for discerning whether
tissues or a patient underwent radiotherapy. This was similarly
suggested in [17] in the context of prostate cancer patients, albeit

with a caveat regarding cell or tissue specificity.
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Figure 12. Flow cytometry—based apoptosis assay results for
PDX—-78 cells subjected to siRNA treatment post—radiation
exposure.

a — The relative mRNA expression level of DDBZ and MDMZ was
measured by qPCR in PDX78 cells. All gPCR data was normalized to
the mRNA level of GAPDH and expressed as a fold change against
the control group value. Error bar illustrate mean £ SD. b -
Representative results of total cell count in FACS Annexin analysis
for PDX-78 siDDB2 and siMDMZ2 treated cells under 24Gy
Radiation applied. ¢ — Representative FACS Annexin V assay results
for PDX-78 siDDB2 and siMDMZ2 treated cells after Radiation
applied. d — Representative results of total cell count in FACS
Annexin analysis for PDX—78 siDDB2 and siMDM2 treated cells

under Rt—untreated or 24Gy Radiation applied conditions.
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Given that both genes of interest are involved directly or
indirectly in cell cycle progression and apoptosis, it remains
challenging to determine their net effect. To confirm the roles of
DDBZ2 and MDM2, we also conducted a cell cycle FACS analysis for
PDX78 cells. Regrettably, only adherent cells were utilized for this
experiment, excluding the floating cells in the medium. Looking at
Figure 13b, we can infer that live DDB2 deficient cells tend toward
the S, G2/M transition, with fewer cells in the GO/G1 state. Taken
together, we can assert that the proliferative pool of DDBZ deficient
cells is greater compared to control cells. Yet, in light of the
previous proliferation and apoptosis assay results, it suggests that
even though the cells favor the S/G2/M transition, the cell death
count is higher, and hence the overall proliferation capacity of DDB2
deficient cells is decreased. These results contradict those
presented in [7] and [15]. However, we should consider that
PDX78 cells have fibroepithelial origins, as these cells were derived
from a phyllodes tumor. These inherent differences may help
elucidate the specificity or differences in these cells and their
tumorigenic behavior.

In an MDMZ2 deficient state, PDX78 cells appear to reduce the
G2/M phase of the cell cycle without much difference, as seen in
Figure 13c. This can be explained by the primary role of MDM2 in
inhibiting p53, thus enabling p53 to regulate apoptosis and cell cycle
arrest. Additionally, increased apoptosis coupled with a decreased
G2/M pool can account for the overall decrease in the proliferation
rate of these cells (Figure 9b). We also observed that cells
significantly reduced their proliferation rate a few days post—
radiation treatment. This led to the cessation of further experiments
with cells after an extended period, as the cells usually started to
die rapidly and showed considerable cell loss. Thus, the overall
observations corroborate the lethal effect of radiation on PDX78

cells.
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Figure 13. DDB2 silencing induces S and G2/M phase

transition, while MDM?2 silencing does not impact cell cycle
distribution, as per flow cytometry analyses.

a — The relative mRNA expression level of DDB2 (left) and
MDM2 (right) in PDX78 cells was measured by gqPCR. All gPCR
data was normalized to the mRNA level of GAPDH and expressed as
a fold change against the control group value. Error bar illustrate
mean £ SD. Statistical analysis: Non—parametric Mann—Whitney
test: *p—value<0.05 (one—tailed). b — Cell cycle assay results
measured by FACS with Hoechst 33342 live staining. ¢ — FACS cell

count results for cell cycle DNA content analysis.
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As most studies postulate a significant role for DDBZ in
regulation pathways related to p53 and p21, and given that pb53 is
the principal interacting protein with MDMZ2, we examined the
expression levels of p21 and p53 in PDX78 cell lines at both mRNA
and protein levels (Figure 14). Upregulation of p53 and p2l in
DDBZ silenced PDX78 cells was observed at both mRNA and
protein levels under radiation—treated conditions. However, a
significant difference in p21 in the non-—stimulated state was not
observed at the mRNA level, but was apparent at the protein level
(Figure 14b—c), supporting the notion of DDB2's role in the
proteolytic degradation of p21 [7] and conversely, stabilization of
p21 in its absence.

In [23], it was reported that under minor DNA damage, moderate
levels of p53 set p21 to assist with cell cycle arrest, allowing DNA
repair processes to occur. Conversely, in the same study, they
posited a two—stage function of pb3 under severe damage. Here,
DDBZ2 plays a role in p21 downregulation, promoting apoptosis with
already accumulated pro—apoptotic proteins in the second phase.
However, in another radiotherapy study [24], DDB2 was shown to
enhance the radioresistance of non—small cell lung cancer (NSCLC)
cells through the facilitation of homologous recombination (HR) and
the subsequent promotion of double—strand breaks.

Although in [7], the upregulation of p21 was considered to
induce cell cycle arrest and inhibit apoptosis in breast cancer cell
lines. In our case, p21 failed to inhibit apoptosis, possibly due to the
corresponding decrease in MDMZ levels, which was assumed to
play a wvital role in this. It has also been reported that the
complexity of p2l expression changes necessitates careful
investigation, considering the distinct functions of each transcript
variant. They may respond differently to radiation [25].
Furthermore, p21 itself has been reported to have a dual role in
breast cancer, acting as a tumor suppressor in nuclear localization
and assisting pb3 in cell arrest pathways under DNA damage
responses. Conversely, it exhibits oncogenic properties by
participating in apoptosis inhibiti;)n7 when localized in the Cjﬁto?'l;asfr.l

A =



[26]. Nevertheless, we need to note that the upregulation of p21
was not observed in all experiments but in 60% of PDX78 siDDB2
cells. In other instances, the expression level of p21 was similar
between different siRNA—treated cells.

Upregulation of p53 can also be seen even in the non—irradiated
state in siDDB2 PDX78 cells. This supports the assumption of
DDB2's involvement in p53 proteasomal degradation [9], where
upregulated pb53, through a positive loop, upregulates the DDB2

protein.
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Figure 14. Changes in p21 and p53 expression at mRNA and

b-actin

protein levels associated with DDB2 downregulation, as determined
by qPCR and WB analyses.

The relative mRNA expression level of DDB2 and MDM2 (a),
p21 and p53 (b) in PDX78 cells was measured by qPCR. All gPCR
data was normalized to the mRNA level of GAPDH and expressed as
a fold change against the control value. Error bar illustrate mean =
SD. ¢ — Expression of DDB2, MDM?2 and related to them proteins,
measures at the protein level was determined by Western Blot

analysis with b—actin as a loading control.
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Additionally, we conducted the migration—invasion assay with
PDX78 cells to confirm the previous state about the involvement of
DDBZ2 in migration and invasion processes in Breast Cancer, as their
function may still vary in different cancer stages like it was
mentioned before. As illustrated in the Figure 15, under the DDB2
or MDM2 deficient state cell migration rate increases in PDX78
cells, suggesting the important role of DDBZ2 in the migration ability
of these cells and actually supporting the assumption that DDB2
plays anti—migration function in some conditions [19], such as
aggressive state (PDX78 cells are from the patient with a MPTs).
Additionally, DDBZ2 silencing increasing its migration and invasion
capacity can be supported by the negative correlation of DDB2
expression level in SBR grade [19] along with a downregulated
state in advanced HNSCC [27], although the role DDB2 in Breast
Cancer is considered to be double—sided, as it was shown to also
promote the proliferation of nonmetastatic breast cancer cells [15].
In [27] DDB2 was also suggested to be a dominant suppressor of
EMT in HNSCC. Same statement was also assumed in [28] for a
Colon Cancer.

Also, as it was mentioned in [19] the invasion inhibition maybe
associated with an upregulation of IkBa with corresponding
inhibition of NF—kB and posterior downregulation of MMP9, which
is usually associated with a higher invasive potential of the cells.
Overall, along with MnSOD downregulation DDBZ is believed to play
an inhibiting role in breast cancer invasion stage [4,19]. Similar
results were reported in [29] for a Ovarian Cancer cells describing
its involvement in NFkB downregulation and consequent inhibition
of tumoregenecity with involvement of transcription factor NANOG.

PDX78 cells also showed nonsignificant but slight increasing
invasion capacity in DDBZ2 deficient state and greater invasion
ability in MDMZ2 deficient state. All together, we can assume, that
upregulation of DDB2 and MDMZ in Phyllodes tumor under
Radiation applied may play a role in decreasing the migration in
invasion capacities of tumor itself, although we failed to check the

same data under RT conditions.
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<0.05 (one—tailed). Representative images of Migration and
Invasion assay analysis conducted with PDX—78 cells treated with
siDDB2 (b) and siMDM2 (c).
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Conclusions

In this investigation, we observed that malignant phyllodes tumor
cells and breast cancer cells exhibit different behaviors and
responses to treatment due to their distinct origins. We used an in
vivo PDX model study to evaluate the upregulation of genes,
specifically DDB2 and MDM2, in response to radiation therapy.
Interestingly, we found that upregulation of DDB2 and MDM?2 levels
1s maintained in phyllodes tumor cells and tumor models, but not in
breast cancer cells. This upregulation was evident as soon as 4
hours after radiation and persisted for up to 3 weeks.

We observed that cells deficient in DDB2 and MDMZ2, both
exhibited a decreased proliferation rate. Interestingly, the effect of
radiation treatment nullified the difference in proliferation rate seen
before, suggesting that other genes may be upregulated in response
to radiation. However, DDB2 deficiency seems to drive the S/G2M
transition in the cell cycle, even though apoptosis generally
overrides this effect.

On the other hand, MDM2 deficiency did not significantly affect
apoptosis or cell cycle distribution. Intriguingly, cells treated with
siDDB2 showed a slight increase in apoptosis, contradicting
previous studies. This might be due to an increase in p21, a key
player in cell cycle arrest and apoptosis inhibition, which fails to
inhibit apoptosis due to the corresponding decrease in MDMZ level.

Moreover, silencing of DDB2 and MDMZ has a tendency to
increase the invasion ability of PDX78 cells. This suggests that
upregulation of DDB2 and MDM2 under radiation might contribute to
the reduction of tumor cell migration and invasion capacities.
However, further investigations under radiation conditions are
required to validate this hypothesis.

Taking into account the complexity of the cells studied, the
interconnectedness of the MDMZ2 and DDBZ2 pathways, and the
difficulties with radiation—treated cell counts, it was challenging to
draw a definitive conclusion about the effect of radiation on the cells

investigated. For future studies, an individual approach to each cell
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line used in the research should be considered.

Notably, our in vivo studies indicate a potential positive role for
the upregulation of DDBZ2 and MDMZ2 genes in PDX78 cells,
including an increase in cell cycle arrest. We also propose that
upregulation of these genes may contribute to the suppression of
tumor invasion and migration abilities, based on corresponding in
vitro analysis.

Despite these findings, it is imperative to further investigate the
complexity of DDBZ2 and MDMZ2 networks, considering their varied
effects in deficient or upregulated states. The use of overexpressed
cells might be helpful in drawing further conclusions on the role of
DDB2 and MDM?Z2 in the responses of phyllodes tumor cells to
radiation. However, conducting this under our conditions was
impossible, considering the already high expression levels of these

genes in the cells we used.
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