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Abstract

Proline oxidase (POX) is mitochondrial proline-degrading enzyme of dual apoptosis/survival function. POX expression
and proline availability are considered an underlying mechanism for differential POX functions. The mechanism for POX-
dependent regulation of cell death/survival was studied in wild-type (MCF-7"T) and shRNA POX-silenced breast cancer
cells (MCE-7"9%)_ Proline concentration and proteomic analyses were determined by LC/MS/QTOF and LC/MS/ORBITRA,
respectively. Inhibition of collagen biosynthesis (proline utilizing process) by 2-methoxyestradiol (2ME) contributed to
induction of apoptosis in MCE-7"T cells, as detected by increase in the expression of active caspase-3, -9 and p53. The
process was not shown in MCF-7'P°X_ In MCE-7"79X cells prolidase activity and expression as well as proline concentration
were drastically increased, compared to MCF-7%T cells. Down-regulation of p53 in MCF-7"7%X cells was corroborated by
proteomic analysis showing decrease in the expression of p53-related proteins. The mechanism for down-regulation of p53
expression in MCF-7"79X cells was found at the level of p53—-PEPD complex formation that was counteracted by hydrogen
peroxide treatment. In this study, we found that silencing POX modulate pro-survival phenotype of MCF-7 cells and suggest
that the mechanism of this process undergoes through down-regulation of p53-dependent signaling.
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This report is continuation of studies on the role of pro-
line oxidase (POX) in regulation of apoptosis/autophagy in
MCEF-7 cells with particular focus on relation between POX
and p53. In our previous study, we found that POX silencing
induced pro-survival phenotype in MCF-7 cells and proline
availability played important role in this process (Zareba
etal. 2017, 2018). It has been found that proline availability
for POX-dependent functions is regulated by collagen bio-
synthesis, the main proline utilizing process (Zareba et al.
2017). Experimentally, 2-methoxyestradiol (2ME) was
found as a potent inhibitor of collagen biosynthesis (Gelse
et al. 2008; Jackson et al. 2020; Neamatallah et al. 2019;
Salama et al. 2006) supporting proline for POX-dependent
functions. However, the mechanism for interplay between
POX and proline in regulation of apoptosis/autophagy is not
well understood.

It is well documented that proline content in neoplastic
cells is increased (Catchpole 2011; Hirayama 2009). How-
ever, the mechanism of proline accumulation in cells is not
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fully understood. Important source of proline may constitute
collagen degradation products (i et al. 2006). Extracellular
collagen degradation is initiated by metalloproteinases. It
contributes to endocytosis of collagen degradation products
and further degradation in lysosomes to free amino acids,
except iminodipeptides, e.g., glycyl-proline. Iminodipep-
tides are degraded to amino acids in cytoplasm by specific
iminodipeptidase, prolidase (PEPD). PEPD [E.C.3.4.13.9]
also referred to peptidase D or imidopeptidase is a cytosolic
imido-dipeptidase (Myara et al. 1984a; Palka and Phang
1997; Surazynski et al. 2008) that cleaves imido-dipeptides
containing at C-terminal position proline or hydroxyproline
(Mock and Green 1990). The physiologic substrate for PEPD
is derived mainly from collagen degradation products and
also from other degraded proline-containing proteins (Adibi
and Mercer 1973; Jackson et al. 1975; Myara et al. 1984b).
Collagen is rich in imido-bonds. In al subunit of type I
procollagen (1464 amino acids), proline forms 119 bonds
with glycine and in a2 subunit (1366 amino acids) such a
doublet occurs 106 times. Most of proline is hydroxylated
in matured collagen and un-hydroxylated proline in gly-pro
doublet occurs 25 times (Jackson et al. 1975). PEPD releases
proline from imido-dipeptides for collagen re-synthesis and
therefore the enzyme plays an important role in turn-over
of the protein.

Cytoplasmic localization of this enzyme is of great
importance also in regulation of other proline-dependent
metabolic responses (Palka and Phang 1997; Surazynski
et al. 2008). Proline can be also utilized in mitochondria.
This process is catalyzed by proline oxidase (POX).

POX, referred also to proline dehydrogenase (PRODH)
is flavin-dependent enzyme associated with the inner mito-
chondrial membrane (Pandhare et al. 2009; Reiling and
Sabatini 2006). It catalyzes the conversion of proline into
Al-pyrroline-5-carboxylate (P5C). This reaction is impor-
tant in maintaining the redox balance between mitochondria
and cytoplasm. It seems that cytoplasmic proline that enters
mitochondria is sensor of cellular energy status (Liu et al.
2010, 2012; Reiling and Sabatini 2006; Wise 2008). Free
proline bearing reducing potential must be quickly utilized,
producing FADH,. On the other hand, conversion of P5C
to proline through NADPH/NADH is coupled to pentose
phosphate pathway and glucose metabolism (Dang 2009;
Pandhare et al. 2006; Reiling and Sabatini 2006; Wise et al.
2008).

Conversion of proline to PSC generates electrons that are
transported to electron transport chain producing ATP for
energy supply and survival (Liu et al. 2010, 2012; Reiling
and Sabatini 2006) or they directly reduce oxygen, produc-
ing reactive oxygen species (ROS) that induce extrinsic or
intrinsic apoptotic pathways (Dang 2009; Possemato 2011;
Wang 2011; Wise et al. 2008). The mechanism that switches
ATP/ROS generation is however unknown. Therefore, the
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identification of pathways involved in regulation of apop-
tosis/survival is of great importance. We suggest that p53
is involved in the mechanism of POX-dependent apoptosis/
autophagy.

The most potent apoptosis-inducing factor is p53 (Zareba
and Palka 2016; Zareba and Palka 2016; Zareba and Palka
2016; Zareba and Palka 2016; Zareba and Palka 2016;
Zareba and Palka 2016; Zareba and Palka 2016). Protein
p53 is known as a transcriptional activator of POX (Phang
et al. 2008; Polyak et al. 1997) since POX promoter has
a p53-response element (Maxwell and Kochevar 2008).
Moreover, p53 activates PUMA protein, which promotes
apoptosis by binding to and antagonizing anti-apoptotic
Bcl-2 family members. Recently the link between PEPD and
pS53-dependent function was found. It has been documented
that PEPD form complex with p53 regulating its tumor sup-
pressing activity (Yang et al. 2017). Interestingly, this com-
plex was found to be dissociated by hydrogen peroxide sug-
gesting underlying mechanism for oxidative stress-induced
p53-dependent apoptosis. In this study, we found that POX
silencing in MCF-7 cells contributed to drastic decrease in
pS53 expression leading to pro-survival phenotype of the
cells. The functional significance of this finding is discussed
in this paper. The mechanism for POX-dependent regulation
of cell death/survival was studied in wild-type (MCF-7"T)
and shRNA POX-silenced breast cancer cells (MCF-7iPOX).

Results
Bullet points
Bullet points:

¢ Inhibition of collagen biosynthesis induces proline oxi-
dase-dependent apoptosis in MCF-7 cells.

¢ Proline oxidase silencing induces pro-survival phenotype
in MCF-7 cells

e Silencing of proline oxidase down-regulates p53 expres-
sion through complex formation with PEPD.

The effect of proline availability on DNA
biosynthesis, collagen biosynthesis, PEPD activity
and intracellular proline concentration in MCF-7"T
and MCF-77% cells

The hypothesis that the intensity of proline catabolism by
POX may represent an important mechanism by which can-
cer cells switch to apoptosis or survival mode led us to pre-
pare MCEF-7 cell line with stably silenced expression of POX
(MCE-7"9%) "as described previously (Zareba et al. 2017)
(Supplementary Material, SFig.1-SFig.5).
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In order to evaluate the role of proline in apoptosis or
survival in MCFE-7"%X and MCFE-7"T breast cancer cells,
we designed several experimental conditions to increase
intracellular proline level by inhibiting collagen biosynthe-
sis (proline utilizing process). 2-Methoxyestradiol (2ME),
was used as an inhibitor of collagen biosynthesis (Gelse
et al. 2008; Jackson et al. 2020; Neamatallah et al. 2019;

Salama et al. 2006). Both MCF-7"" and MCF-7""% cells
were cultured in growth medium without glutamine.

As shown on Fig. la (time course experiment in Sup-
plementary Material, SFig.6—SFig.9), POX silencing did
not affect cell viability, however contributed to decrease
in DNA (Fig. 1b, time course experiment in Supplemen-
tary Material, SFig.6—SFig.9) and collagen biosynthesis
(Fig. 1c) and increase in prolidase activity (Fig. 1d) and
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intracellular proline concentration (Fig. 1e), compared to
MCE-7%T cells. When cellular proline level was increased
by inhibition of proline utilization for collagen biosynthesis
by 2ME (Fig. le), the cell viability, DNA and collagen bio-
synthesis were decreased in both MCF-7"°X and MCF-7"T
cells (Fig. 1a—c). Although 2ME maintained high prolidase
activity only in MCF-7"P9X cells (Fig. 1d), it contributed to
increase in intracellular proline concentration in both cell
lines (Fig. le).

It suggests that inhibition of collagen biosynthesis by
2ME or POX silencing increases intracellular proline con-
centration contributing to decrease in cell viability and DNA
synthesis in MCF-7 cells.

Down-regulation of POX induces pro-survival
phenotype through p53-PEPD complex formation
in MCF-7 cells

Functional significance of POX silencing and proline avail-
ability for POX was found at the level of expression of p53,
Caspase-3 and Caspase-9. As shown on Fig. 2 expression of
p53 and active caspases -3 and -9 in MCF-7"79X cells was
down regulated (Fig. 2a) compared to MCF-7"T cells. In
MCEF-779X cells the effect was not affected by 2ME, while
in MCF-7%"T cells 2ME induced POX, p53 and cleaved cas-
pase-3 expressions. The results of this study were confirmed
by immunofluorescence bio-imaging of p53 and active
caspases -3 and-9 in MCF-7P9X cells and MCE-7VT cells
(Fig. 2b). In 2ME-treated MCE-7"T cells all studied proteins
were expressed, while in MCF-7"POX cells, the expression
of these proteins was not detected. Instead, expression of
autophagy markers (LC3B and ATG12) was found in this
condition (Fig. 2c). In MCF-7WT cells expression of Atgl2
and LC3B was decreased upon 2ME treatment while in
MCE-7"P9X cells the expression of both autophagy markers
was increased.

It suggests that POX silencing promotes pro-survival phe-
notype in MCF-7 cells. The potential mechanism for this
process may involve inactivation of p53-dependent function
by complex formation with PEPD (Yang et al. 2017). In fact,
POX silencing induced dramatic increase in PEPD activity
as presented in Fig. 1d, suggesting increase in the enzyme
expression. Evidence for PEPD-p53 complex formation in
POX-silenced cells was provided in 2 experiments in which
PEPD and p53 were immunoprecipitated and in superna-
tants the presence of PEPD, p53 and POX were analyzed as
presented in Fig. 3a, b. Low p53 expression in MCF-770X
cells was recovered by 400 uM hydrogen peroxide. The phe-
nomenon was not found in the MCF-7VT cells.

The data suggest that elevation of prolidase in POX-
silenced cells contribute to sequestration of p53 creating
pro-survival phenotype of MCF-7 cells.
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POX silencing inhibits p53-regulated signaling
in MCF-7 cells

To further elucidate the impact of POX inhibition and p53
down-regulation on the expression profile of proteins we
performed proteomic analysis of MCE-7""X and MCE-7%T
cells (Fig. 4). Out of 4414 identified proteins 416 displayed
significantly different expression (down-regulation of up-
regulation) between MCF-7'7°X and MCF-7"T cells. The
dataset contained 16 proteins which are known to be directly
regulated by p53 (Fig. 4) and 17 other which are members of
p53-dependent pathways involved—both positively and neg-
atively in the nodulation of the molecular function of p53.
POX-silenced MCF-7 cells compared to wild-type MCF-7
displayed decreased expression of 9 proteins (e.g., STX6,
ALDH4A1, RBBP4, MYO6, PAHB, GLUL, AKR1B1, SFN
and LMAN2), which are known to be directly up-regulated
by p53 at the level of transcription through the promoter
response element. Among those STX6 [Syntaxin 6 (Zhang
et al. 2008)], ALDH4A1 [Dehydrogenase Family 4 Mem-
ber Al (Yoon et al. 2004)], MYO6 [Myosin VI (Jung et al.
2006)] and SEN [Stratifin, 14-3-3 protein sigma (Yang et al.
2003)] are involved in p53-regulation of cell survival. Above
data suggest that POX-mediated inhibition of p53 down-reg-
ulates proteins involved in negative control of cellular pro-
liferation in p53-dependent manner. In line with above find-
ings, we observed up-regulation of directly inhibited by p53
signaling (PPP3CA, TOP2A, HK2, IREB2, DLAT, ACSL3
and FASN) in MCF-7"X cells as compared MCF-7"T.
From listed above [IREB2 Iron regulatory protein 2 (Wang
2014b)], HK2 [Hexokinase 2 (Wang 2014a)], TOP2A [DNA
topoisomerase 2-alpha (Yeo 2016)] and FASN [fatty acids
synthase, (Berkers et al. 2013)] play crucial role in cellular
proliferation and transformation and their expression is up-
regulated in p53-dependent cancers.

Figure 4 shows fold change [in log2 (ratio) format] and
significance [in — log10 (p-value) format] of p53-regulated
proteins, which were identified in proteomic dataset and pro-
teins belonging to 2 major pathways revealed by upstream
regulator analysis (URA) connected to p53 and involved in
cell cycle regulation. In accordance with decreased expres-
sion of p53 in MCF-7"X cells, we observed complementary
response in the cellular level of p53-regulated proteins.

Upstream regulator analysis (URA) revealed through
analysis of the expression profile of p53-dependent pro-
teins overall inhibition of p53 signaling in MCF-770X as
compared to MCF-7"T with and overall z-score of — 1.106
and — Logl0 (p-value) of 1.521, and (p-value of overlap
of 6.20e-16). The above results suggest inhibition of p53-
related signaling in MCF-7iPOX cells (Table 1). Moreo-
ver, URA revealed additional upstream regulators which
are modulated by P53 activity. The proteins controlled by
HIC1 (hypermethylated in cancer 1) transcription factor, that
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is widely regarded as a tumor suppressor gene, with p53
as its upstream regulator (Chen 2004; Sun 2019; Wales
1995), also displayed down-regulation (z-score of — 1.951,
— Logl0 (p-value) of 1.673, p-value of overlap 7.12E-17,
Table 1, Fig. 4). In line with the findings of decreased p53
signaling, we observed up regulation of p53-inhibited meva-
lonate pathway proteins, controlled by SREBF2 transcrip-
tion factor (z-score of +2.376, — Log10 (p-value) of 9.319,
p-value of overlap <3.21E-20). Mevalonate pathway—a

source of substrates for sterol synthesis, protein isoprenyla-
tion and dolichol-linked n-glycosylation—is up-regulated in
various cancers (including breast cancer) and p53 continu-
ously suppresses its activity at the level of SREBF2 tran-
scription factor (Moon 2019; Yu 2021).

Downstream effects analysis (DEA) shows inhibition
of cellular functions in MCF-7"7%X cells connected to
breast cancer (z-score =-0.849, — Log!%p-value =4.170,
p-value < 6.766_5), mammary tumor (z-score =— 0.637,
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Fig.3 The effect of POX a IP of PEPD b IP of p53
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— Log!'%-value =4.607, p-value <2.47¢7%) and sec-
ondary tumor and metastasis (z-score=— 1.377,
— Log!'%-value =3.087, p-value < 8.18e™*). Table S1 to S4
lists molecular members identified by URA and DEA analy-
sis from MCF-7P9X vs MCF-7%T comparison, together with
their expression Log?-ratio.

The data confirmed down-regulation of p53-dependent
signaling in POX-silenced MCF-7 cells.

Discussion

Here we provide further evidence for the role of POX
expression and proline availability, as a substrate for this
enzyme, in regulation of apoptosis/survival in MCF-7"T
cells. Availability of proline for degradation in mitochon-
dria depends on the intensity of collagen biosynthesis that
removes the amino acid from cytoplasmic pool limiting its
conversion to P5SC in mitochondria. We found that when
collagen biosynthesis was inhibited, there was increase in
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cytoplasmic proline concentration and expression of pro-
apoptotic markers. Similar effect was found previously in
the cells treated with prolidase substrate, glycyl-proline (GP)
that increased proline concentration in cytoplasm contribut-
ing to stimulation of collagen biosynthesis in MCE-7"T cells
and inhibition of this process in MCF-7"P9X cells (Zareba
et al. 2018). Although in MCE-7"PX cells cultured in the
same conditions the viability, DNA and collagen biosyn-
thesis were significantly decreased, there was no expres-
sion of active caspases-3 and -9. In fact, POX silencing in
MCF-7 cells induced expression of autophagy markers and
decreased DNA biosynthesis without any effect on the cell
viability. Possibly, in the studied conditions the increase
in the proline level in cytoplasm (occurred as a result of
decreased POX expression and collagen biosynthesis) is
not cytotoxic for the cells. However, deregulation of pro-
line metabolism is known to deregulate DNA biosynthesis.
Reducing potential of proline must be quickly converted in
mitochondria to PSC by POX for regeneration of oxidiz-
ing potential. In cytoplasm, P5C is converted to proline by
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Fig.4 Expression of proteins known to be directly regulated by p53
activity, molecular members regulated by HIC1 (Hypermethylated In
Cancer 1) and SREBF2 (Sterol Regulatory Element Binding Tran-
scription Factor) involved in p53-dependent signaling. Volcano plot
displays protein expression ratio between MCF-7 %% and MCE-7WT
cells expressed as Log2 fold change (MCF-7PO%/MCF-7%7). Sig-
nificance is expressed as — Log!® (p-value). Dashed red lines denote
both the 50%-fold change cut-off (vertical lines with — 0.5>Log2
ratio>0.5, for down-regulation and up-regulation, respectively) and

0.05 p-value cut-off (horizontal lines, — Logl0 (p-value)<1.301
for p-value <0.05). Proteins to the left of center are down regulated,
whereas to the right of center up-regulated in MCF-7P9%X as com-
pared to MCF-7VT. Green circles and red circles represent proteins
which are known to be directly up-regulated and down-regulated,
respectively, by p53 activity. Green crosses represent proteins that are
controlled by HIC1 transcription factor, whereas red crosses denote
proteins controlled by SREBF?2 transcription factor which belong to
mevalonate pathway

Table 1 Results of upstream regulator analysis (URA) and downstream effects analysis (DEA)

Upstream regulator analysis (URA) (MFC-7iPOX vs MCF7WT)

Upstream regulator Annotation z-score —log10 (p-val) p-value of overlap Target molecules
HIC1 Transcription regulator —-1.951] 1.673 7.12E-17 Table S2
SREBF2 Transcription regulator +2.376 1 9.319 3.21E-20 Table S3
Downstream effects analysis (DEA)

Category Annotation z-score —log10 (p-val) p-value of overlap Target molecules
Cancer Secondary tumor - 1377 ] 3.087 8.18E-4 Table S2

Cancer Breast cancer —-0.849 | 4.170 6.76E-5 Table S3

Cancer Mammary tumor —-0.637 | 4.607 2.47E-5 Table S4

Table lists z-score values associated with the given transcription regulator (for URA) or downstream effects (for DEA), together with p-value of

overlap [as — Log!? (p-value) and p-value, respectively]

| or T—predicted direction of change, down-regulation/up regulation (URA) or inhibition/activation or inhibition (DEA), respectively. URA
allows for the identification of activated/inhibited upstream regulator, whereas DEA predicts downstream effects of the observed changes in pro-
tein expression. Detailed description of the statistics employed for the calculation of URA and DEA is included in the methods section
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P5C reductase. The interconversion is known as a “proline
cycle” (conversion of proline-P5C in mitochondria by POX
and P5C-proline in cytosol by P5C reductase). It transfers
reducing and oxidizing potential between mitochondria and
cytosol using NAPDH/NADP + (Liu and Phang 2012; Liu
et al. 2009). This shuttle is coupled to pentose phosphate
shunt supporting biosynthesis of pyridine nucleotides (Liu
et al. 2015). Therefore, deregulation of POX may affect
DNA biosynthesis and cell proliferation.

Of special interest is observation that in MCF-7"0X cells
collagen biosynthesis is decreased, while PEPD activity is
increased. The mechanism of this process requires further
studies. However, we hypothesize that the mechanism of col-
lagen biosynthesis inhibition in MCF-77%X cells may result
from down-regulation of prolyl hydroxylase, an important
enzyme in collagen biosynthesis. It has been documented
that free proline inhibits prolyl hydroxylase (Surazynski
et al. 2008; Zareba et al. 2017) suggesting a mechanism for
proline-dependent attenuation of collagen biosynthesis. On
the other hand, increase in PEPD activity in MCF-7"P9X cells
creates conditions for proline availability for POX-depend-
ent functions. Therefore, we used 2ME, as an inhibitor of
collagen biosynthesis to increase intracellular proline level
for studying the effect on POX-dependent apoptosis and
autophagy (Zareba et al. 2017). 2ME is a potent inhibitor of
collagen biosynthesis (Gelse et al. 2008; Jackson et al. 2020;
Neamatallah et al. 2019; Salama et al. 2006) supporting pro-
line for POX-dependent functions (Zareba et al. 2017). In
fact, previously we found that in such conditions there was
increase in the expression of autophagy markers, as Atg7
and Beclin-1 (Zareba et al. 2017). The present results sup-
port the data showing increase in the expression of Atgl2
and LC3B in 2ME-treated MCF-7"0X cells. Of special inter-
est is that the differences between MCF-7"T and MCE-770X
cells with respect to apoptosis/autophagy phenotype were
accompanied by differences in p53 expression. In MCF-
70X cells the expression of p53 was drastically decreased.

Tumor suppressor p53 is known as the most potent
inducer of POX activity (Phang et al. 2008; Polyak et al.
1997; Zareba et al. 2018). Transcriptional regulation of
POX expression by p53 was found in the POX promoter,
containing a p53-response element (Maxwell and Kochevar
2008). However, of great interest is the observation that p53
is down-regulated in MCF-7"7%X cells.

In this study, we suggest that POX-dependent apoptosis
in MCF-7VT cells is mediated by p53, while POX silenc-
ing induces pro-survival phenotype in MCF-7 cells. The
mechanism of this process cannot be explained on the basis
of p53-dependent transcriptional regulation of POX since
p53 is not regulated transcriptionally by POX (Kononczuk
et al. 2015). The possible explanation for the process comes
from recent report (Yang et al. 2017) showing that in human
bladder cancer, human urothelial, murine myeloid 32D and
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human colon cancer cell lines, p53 can be suppressed by
forming complex with PEPD. In fact, we found that in MCF-
7POX cells, PEPD activity was elevated providing conditions
for sequestration of p53 and creation of pro-survival path-
ways. The supporting evidence for the pS3—PEPD complex
formation comes from experiment showing that in MCF-
7POX cells (and not in MCF-7"T cells) hydrogen peroxide
increased expression of both PEPD and p53. Recent stud-
ies documented that PEPD-p53 complex is dissociated by
400 uM hydrogen peroxide (Yang et al. 2017). In fact, in the
presence of H,O, the expressions of immunoprecipitated
PEPD and p53 were increased in MCE-7F°X cell homogen-
ates, compared to respective controls. It suggests that ele-
vated amount of PEPD in MCE-7"7%X cells facilitate p53
sequestration contributing to pro-survival phenotype of the
cells.

It cannot be excluded that in studied conditions decrease
in p53 expression could be partially due to the increase in
proteasomal degradation of p53. P53 stability is augmented
by hydroxylation of proline 359 residue of p53. It is sup-
ported by some studies (Rodriguez 2018; Xu 2019).

Since free proline (that is increased in studied conditions)
inhibits prolyl hydroxylase (Surazynski et al. 2008), proline
359 residue of p53 is therefore not hydroxylated, loosing
stability and could be directed for ubiquitination and pro-
teasomal degradation.

The data suggest that expression of POX and PEPD as
well as proline availability may regulate p53-dependent pro-
apoptotic/pro-survival phenotype of MCF-7 cells.

The role of p53 in the mechanism of POX-dependent
regulation of apoptosis in MCF-7"T cells was supported
by data from proteomic analysis. Down-regulation of p53
in MCE-7F0X cells promoting pro-survival phenotype was
accompanied by several other p53-dependent pathways.
Firstly, it has to be noted that down-regulation of p53 in
MCE-7"9X cells led to simultaneous inhibition of pro-
teins and pathways (e.g., HIC1, Fig. 4, Table 1) directly
connected to p5S3-dependent regulation of cell survival.
HICI1 transcription factor (involved in p53-dependent
apoptotic DNA-damage response) acts as a tumor repres-
sor, and its inhibition promotes pro-survival signaling and
stimulates metastasis of breast cancer cells (Sun et al.
2019). Conversely, pro-survival and cancer connected
pathways and proteins inhibited by p53 signaling, were
up-regulated in MCE-7"P9X cells. The SREBF2-regulated
mevalonate pathway was one of the p53—inhibited path-
ways with highest positive z-score (Table 1), suggesting
up-regulation due to absence of p53 inhibitory control.
Mevalonate pathway—which is involved in biosynthesis
of sterols and regulation of energy metabolism—evokes
pro-survival signaling and is up-regulated in various
cancers (Gong 2019; Guerra et al. 2021). The above
results confirm that POX silencing in MCF-7F9% cells
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leads to down-regulation of p53 inhibitory control over
cellular survival and up-regulation of pro-survival path-
ways. An example is drastic increase in SREBF2 expres-
sion, transcriptional activator of lipid metabolism that is
often induced in response to starvation (Ivatt et al. 2014;
Jiang et al. 2014; Moon et al. 2019; Wen et al. 2016).
It suggests that POX silencing may affect utilization of
energetic substrates leading to energy deficit. In fact, in
MCEF-7"P9X cells a significant decrease in the expression
of FASN (synthase of fatty acids) (Gaudet et al. 2011;
Hu et al. 1996; Yoon et al. 2004) and HK?2 (hexokinase
2) (Nawaz et al. 2018; Wang et al. 2014a) was found. It
is well established that down-regulation of HK2 impairs
glycolysis (Nawaz et al. 2018; Wang et al. 2014a) On the
other hand, MCF-7"P9% cells evoked high expression of
ALDH4A1 (Gaudet et al. 2011; Hu et al. 1996; Srivas-
tava et al. 2012), an enzyme catalyzing irreversible con-
version of P5SC (derived from proline or ornithine) into
glutamic acid, supporting TCA cycle. It suggests that
in conditions of POX silencing, deficiency of P5C and
glutamate is compensated from urea cycle. The overall
effect of reprogramming cellular metabolism in MCF-
70X cells is activation of autophagy. It is supported by
increase in the expression of STX6 (regulator of endo-
some trafficking) (Gaudet et al. 2011; Wang et al. 2005;
Zhang et al. 2008), MYOG6 (activator of ATPase) (Jung
et al. 2006) and SFN (regulator of ubiquitination, cell
growth and protein synthesis) (Chew et al. 2012; Leffers
1993; Metformin clinical trial; Samuel 2001; Yang et al.
2008). Autophagy is also facilitated in MCF-7'7%X cells
by down-regulation of IREB2 (inhibitor of mRNA forma-
tion) (Gaudet et al. 2011; Khiroya 2017; Samaniego et al.
1994) and TOP2A (positive regulator of apoptosis) (Wang
et al. 1997; Yoshida et al. 2006).

Finally, we considered proline availability and POX as
a molecular inter-face that can switch on and off survival
or apoptotic mode. We found that up-regulation of proline
concentration in cytoplasm by inhibition of its utilization
for collagen biosynthesis by 2ME contributed to induction
of apoptosis in MCF-7VT cells, as detected by an increase
in the expression of caspase-3 and -9, while in MCF-7F0X
cells the process was inhibited and increase in the expres-
sion of autophagy markers was observed. Similar effect
was observed previously where GP (substrate of prolidase)
induced apoptosis in MCF-7WT cells as detected by an
increase in the expression of caspase-3 and -9, while in
MCE-7"9X cells increased expression of autophagy mark-
ers was observed (Zareba et al. 2018). The mechanism
of POX-dependent regulation of apoptosis was found at
the level of p53. In MCF-7POX cells, this protein was not
detected. Therefore, we suggest that POX silencing modu-
late pro-survival phenotype of MCF-7 cells through down-
regulation of p53.

Materials and methods
Cell lines and culture

Breast cancer cell line MCF-7 (MCF-7%T) was obtained
from ATCC (HTB-22, ATCC, Manassas, VA, USA). MCF-
70X cell line was obtained by transfection of MCF-7%T
cells using plasmid with 3 different shRNA construct,
which was described previously (Zareba et al. 2017, 2018).
In this study, we used MCF-7'7%X cells transfected by the
most effective construct. More information is in the Addi-
tional file 1 of previous publication (Zareba et al. 2018). The
MCF-7 and MCF-7"*% cells were maintained in DMEM
(Gibco) and 10% FBS, 50 IU/ml penicillin and 50 pg/ml
streptomycin in standard condition (37 °C in a humidified
atmosphere containing 5% CO,). In the experimental condi-
tions 80% confluent MCF-7%T and MCF-7"7X cells were
cultured in glutamine-free DMEM (in order to avoid pro-
line generation from glutamine) and treated for 24 h with
2-methoxyestradiol (2ME, 72,7 pM) as an inhibitor of col-
lagen biosynthesis.

Western-immunoblot analysis

The procedure of Western-immunoblot analysis was
described previously (Zareba et al. 2017, 2020). Protein
concentration was measured by the method of Lowry et al.
(Lowry et al. 1951) Cell lysates were subjected to SDS-
PAGE in 10% polyacrylamide gel electrophoresis. After
transfer, membranes were blocked with non-fat dry milk in
TBS-T and incubated with goat anti-POX antibodies (Ever-
est Biotech), rabbit anti-caspase-3 (Cell Signaling (CS)),
rabbit anti-cleaved-caspase-3 (CS), rabbit anti-caspase-9
(CS), mouse anti-cleaved-caspase-9 (B&D), rabbit anti-
PEPD (CS), rabbit anti-Atg12 (CS), rabbit anti-LC3B (CS)
and mouse wild-type anti-p53 (B&D), mouse anti-f-actin
(Sigma-Aldrich) diluted 1:1000 in blocking buffer. Then
membranes were washed and incubated with respective
HRP-linked secondary antibody at concentration 1:7500
(Sigma-Aldrich). Membranes were incubated with Amer-
sham ECL Western Blotting Detection Reagent, (GE Health-
care Life Sciences). Pictures were taken using BioSpectrum
Imaging System UVP (Ultra-Violet Products Ltd.

Immunoprecipitation

Immunoprecipitation of proteins were done according to
manufacturer’s procedure (Cell Signalling). 200 pg of cell
lysate was incubated with primary antibody (PEPD and
p53), then pre-washed magnetic-Sepharose with IgG beads
were added. Next, the lysate, antibody and magnetic beads
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mix was incubated and rotated for 20 min. The superna-
tant was used to measure POX, PEPD and p53 (related to
immunoprecipitation target) and f-actin expression. The
pellet was resuspended and heated to 95-100 °C for 5 min.
Then, by using magnetic rack, the mixture was separated.
The supernatant was taken to Western blot analysis for p53,
PEPD and IgG.

Cell viability assay

The cell viability was determined using Nucleo Counter
NC-3000 (ChemoMetec) as described before (Zareba et al.
2018). Prior the experiment MCF-7%T and MCF-7%X cells
were cultured in six-well plates. After 24 h incubation of
the cells in glutamine-free DMEM with or without 2ME
cell viability assay was conducted according to company’s
protocol.

DNA biosynthesis assay

Proliferation of MCF-7%T and MCF-7"7X cells was meas-
ured by [methyl-*H]thymidine (Hartman Analytic GmbH)
incorporation into DNA. The DNA biosynthesis assay was
performed as described previously (Zareba et al. 2017). Prior
the experiment MCE-7%T and MCF-7"7X cells were cul-
tured in 24-well plate and treated for 24 h with or without
2ME in glutamine-free DMEM with 0.5 pCi/ml of [methyl-
3H]thymidine. Incorporation of the tracer into DNA was
measured by LiquidScintillation Analyzer Tri-Carb 2810
TR (Perkin Elmer) and calculated using QuantoSmart TM
software (Perkin Elmer).

Collagen biosynthesis

Incorporation of radioactive precursor into proteins was
measured after the labeling of 80% confluent cells cul-
tured in glutamine-free DMEM medium with 5[*H]-proline
(5 pCi/ml) and with 2ME for 24 h. Incorporation of tracer
into collagen was determined by digesting proteins with
purified Clostridium histolyticum collagenase, accordance
to the method of Peterkofsky et al. (Perekofsky et al. 1982).
Results are shown as combined values for cell plus medium
fractions. Incorporation of the tracer into collagen was
measured by Liquid Scintillation Analyzer Tri-Carb 2810
TR (Perkin Elmer) and calculated using QuantoSmart TM
software (Perkin Elmer).

Determination of PEPD activity
The activity of PEPD was determined according to the
method of Myara et al. (Myara et al. 1982). Protein concen-

tration was measured by the method of Lowry et al. (Lowry
et al. 1951). Enzyme activity was reported as nanomoles of
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proline released from synthetic substrate (GP), during 1 min
per milligram of supernatant protein of cell homogenate.

Immunofluorescence microscopy

Immunocytochemistry (ICC) was conducted according to
BDB Bioimaging protocol, as described previously (Zareba
et al. 2017). Cells grown on a coverslip were fixed with para-
formaldehyde, then permeabilized with Triton and blocked
with 3% FBS. Cells were incubated with primary antibodies
(p53, caspase-3, cleaved-caspase-3 caspase-9, cleaved-cas-
pase-9), subsequently with FITC Fluor-conjugated second-
ary antibody and Hoechst. Samples were visualized with a
confocal laser scanning microscope (BD Pathway 855 Bio-
imager) using AttoVision software.

ROS generation assessment

Intracellular reactive oxygen species accumulation was
measured using DCFH-DA as a fluorescent probe. Briefly,
cells were pre-incubated with DCFH-DA (20 uM) in culture
medium for 30 min, washed twice with PBS and treated
with H,0,. The fluorescent intensity was measured at exci-
tation/emission wavelength of 488/535 nm using TECAN
In-finite® M200 PRO (Minnedorf, Switzerland). The results
were presented as a percent of the control value.

Concentration of proline

The procedure of measurement intracellular proline con-
centration was described previously (Zareba et al. 2017,
2018). Proline level was measured by using HPLC system
connected to QTOF (6530) mass spectrometry detector. As
positive ionization mode used ESI. Samples were injected
onto a HILIC column. Accurate mass measurements were
obtained by online mass correction to reference masses
delivered continuously during analyses; reference masses
at m/z 121.0509 (protonated purine) and m/z 922.0098. The
capillary voltage was set to 3000 V, the gas temperature was
330 °C, the nebulizer gas flow rate was 10,5 L/min. MS TOF
parameters were as follows: fragmentor was set to 140 V,
skimmer 65 V.

Cellular proteome analysis

Cells from 8 independent experiments (MCF-7"" and
MCE-7"P9X ;=4 per group) were washed twice with ice-
cold PBS to remove cell culture medium and pelleted by
centrifugation. Protein extraction and proteolytic digestion
was performed according to Leon et al. (Leon et al. 2013)
with minor modifications. Briefly, cells were suspended
in ice-cold homogenization medium (5% sodium deoxy-
cholate, 5 mM TCEP in 50 mM ammonium bicarbonate
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pH =7.8) and sonicated on ice at 90% power for 60 s with
the use of VCX 130 ultrasonic processor. Samples were
reduced by heating to 60 °C for 30 min and alkylated with
iodoacetamide (15 mM final concentration) for 30 min
in room temperature in dark. After 10 X dilution with
50 mM ammonium bicarbonate samples were digested
with Trypsin/LysC mix at 1:25 protein enzyme ratio for
12 h at 37 °C. After acidification with trifluoroacetic acid
(final concentration 0.2%), sodium deoxycholate precipi-
tate was removed by phase extraction with ethyl acetate.
Samples were analyzed by LC/MS/MS on Thermo Dionex
RS3500RSLC nanoflow chromatograph and Thermo
Q-Exactive orbitrap. Briefly approx 1 pg of sample pep-
tides were concentrated and desalted online using 300 um
i.d. X5 mm Acclaim PepMap100 C18, 5 um, 100 A trap
cartridge. Samples were resolved on 50 cm Acclaim Pep-
Map RSLC C18, 2 pm, 100 A, 75 pm I.D. column using
3-step, 4 h gradient of 0.1% formic acid in H,O as A and
80% acetonitrile/0.1% formic acid as B. Eluting peptides
were analyzed by data dependent analysis (DDA) using the
following settings: emitter voltage 2 kV (Nanospray Flex
source with glass emitter and liquid junction) capillary
temp. 275 °C, scan range 350-1750, MS1 resolution 70 K,
ACG target 3e® (minimum 6e*), maximum injection time
50 ms, MS2 resolution 17.5 K, ACG target of 2¢’, maxi-
mum injection time 60 ms, isolation window of 3.0 m/z.
Twenty most intense ions were selected for HCD fragmen-
tation at 27 NCE. Previously fragmented precursors were
excluded for 60 s. Isotopes of previously selected precur-
sors and ions with unassigned charge, + 1 charge and >+ 6
charge was not targeted for MS2. Resulting RAW files were
uploaded to PEAKS 8.5 software and analyzed against
human proteome database (Uniprot UPO00005640) using
decoy-based 0.5% FDR for peptide-spectrum matches, 2%
for peptides and 5% for proteins. Carbamidomethylation
was selected as fixed and deamidation of NQ and oxida-
tion of M as variable PTM. Differential protein expression
analysis was performed using PEAKS label-free internal
statistics (ANOVA), with the following filtering: average
area le’ counts, charge between 2 and 5, ID count of 3,
detected in at least 4 samples, at least 1 unique peptide per
protein, 1.5-fold (50% up- or down-regulation) expression
difference and p-value of 0.05. Protein expression data
was interpreted with Ingenuity Pathway Analysis Software
(IPA) to identify altered molecular pathways and probable
molecular regulators (Kramer et al. 2014; Qiagen). Analy-
sis was performed with stringent filtering of pathways and
relationships present in mammary gland, mammary gland
tumors and breast cancer cell lines. Upstream regulator
analysis (URA) and downstream effects analysis (DEA)
z-score was performed with IPA internal statistics engine
with threshold p-value set at 0.05 (Kramer et al. 2014).

Statistical analysis

All experiments were analyzed using Prism 5 (GraphPad
Software). All experiments were independently repeated at
least three times. In experiments the mean values for six or
three assays + standard deviations (SD) were calculated. The
results were submitted to statistical analysis using the Sha-
piro—Wilk test and Kolmogorov—Smirnov test. All results
have a normal distribution. To assess statistical significance
in conducted experiments, one-way ANOVA with Dunnett’s
multiple comparison test with 99% confidence interval was
used. Results were considered significant at *p <0.01 level
and are denoted by an asterisk (*). Significance of the results
of proteomic analysis was estimated with the use of Ingenu-
ity Pathway Analysis (IPA) software (Kramer et al. 2014;
Qiagen). Briefly, the outcomes of the proteome differential
expression analysis from Peak’s software were first uploaded
into IPA system for core analysis and then overlaid with the
global molecular network in the Ingenuity Pathway Knowl-
edge Base (IPKB—evidence-based database). IPA internal
statistics was used to identify canonical pathways, molecular
regulators and molecular effects induced by POX silencing
in MCF-7 cells. IPA Core Analysis was employed to calcu-
late degree of change in biological pathways with right-tailed
Fisher’s exact test. To identify the upstream regulators that
can describe observed changes in protein expression or pre-
dict their biological effects we employed the IPA Upstream
Regulator Analysis (URA), and IPA Downstream Effects
Analysis (DEA), respectively. Both analysis use z-score sta-
tistics, which allows for prediction which transcription regu-
lators are involved (e.g., p53, SREBF2, HIC1) and if they
are activated or inhibited. The significance of z-score is cal-
culated independently and expressed in — log10 (p-value),
where p-value < 0.05 equals to — log10 (p-value) < 1.30103.
Additionally, p-value of overlap was calculated with the use
of Fisher’s exact test to further confirm whether there is a
statistically significant overlap between the dataset proteins
and the proteins that are regulated by a given TR.

Conclusions

The studies were conducted to understand the mechanism
of POX-dependent regulation of cell death and survival in
breast cancer cells. We found that POX silencing modulates
pro-survival phenotype of MCF-7 cells. The mechanism of
this process undergoes through up-regulation of proline con-
centration and PEPD (proline-releasing enzyme), sequestra-
tion of p53 by PEPD and down-regulation of p53-dependent
signaling. It explains the mechanism of pro-survival pheno-
type of MCF-7 cells and suggests that up-regulation of POX
and down-regulation of PEPD may represent a novel strategy
for breast cancer treatment.
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Patents

The sequences used to silence PRODH/POX expression
were subject for patent application (patent application
number: P.421954).
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