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Abstract This study was aimed to determine whether hypocal-
cemic analogs of active forms of vitamins D modulate expres-
sion of genes related to stem-like phenotype in colon cancer cell
lines HT-29 and HCT-116 undergoing renewal after the treat-
ment with 5-fluorouracil (5-FU). Both lines express vitamin D
receptor, but differ in differentiation stage and vitamin D sensi-
tivity. Cells that resisted the 5-FU exposure were treated with
synthetic analog of 1,25-dihydroxyvitamin D, (PRI-1906) and
analogs of 1,25-dihydroxyvitamin D5 (PRI-2191 and PRI-
2205). Proliferative activity was more profoundly affected by
vitamin D analogs in HT-29/5-FU than in HCT-116/5-FU cells.
In HT-29/5-FU cells, analogs PRI-1906 and PRI-2191 downreg-
ulated the expression of genes related to survival, re-growth, and
invasiveness during renewal, while PRI-2205 increased expres-
sion of genes related to differentiation only. In HCT-116/5-FU
cells, PRI-2191 decreased the expression of stemness- and
angiogenesis-related genes, whereas PRI-1906 augmented their
expression. The effects in HCT-116/5-FU cells were observed at
higher concentrations of the analogs than those used for HT-29/
5-FU cells. Out of the series of analogs studied, PRI-2191 might
be used to counteract the renewal of both moderately and poorly
differentiated cancer cells following conventional treatment.
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Introduction

Colorectal cancer is the third most frequently diagnosed malig-
nancy worldwide and the second cause of cancer-related deaths
[1-4]. 5-Fluorouracil/leucovorin combined with oxaliplatin
(FOLFOX) and irinotecan (FOLFIRI) chemotherapy regimens
for colorectal carcinoma patients often fail to eradicate advanced
tumor. It is assumed that cancer stem cells (CSC)/tumor-initiat-
ing cells (TIC) are relatively the most resistant ones to conven-
tional treatment. A proportion of CSC/TIC with self-renewal
ability and high potential of forming metastases may be in-
creased among cells which resisted conventional chemotherapy
[5-7]. New therapeutic strategies are to be developed to target
both rapidly dividing differentiated cancer cells and CSC/TIC to
prevent tumor recurrence initiated by CSC/TIC.

The experimental therapies developed so far in animal
models combined cytoreductive treatment with the use of var-
ious natural dietary substances, such as retinoic acid,
curcumin, sulforaphane, soy isoflavone, resveratrol, lycopene,
piperine, and vitamin D [8—11], which modulate cell prolifer-
ation, migration, apoptosis, and differentiation by targeting
self-renewal signaling pathways Wnt/3-catenin, Hedgehog,
and Notch. These substances were used to sensitize tumor
cells to chemotherapeutics and/or to induce tumor cell differ-
entiation and inhibit self-renewal signaling [8, 12, 13].

Some clinical observations and experiments on animals
strongly suggest that vitamin D might prevent cancer develop-
ment [14, 15]. A protective role of vitamin D against cancer
results from the increase of differentiation, the inhibition of pro-
liferation, and the induction of apoptosis. A direct antitumor
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activity of calcitriol, the active form of vitamin Ds, is observed at
high hypercalcemic doses [16]. In the experimental settings, we
and others have demonstrated that the combined treatment of
cancer with vitamin D analogs and cytostatics was more effective
than the treatment with cytostatics alone both in vitro [17-24]
and in vivo [20-24], but some combined treatment schedules
could lead to increased toxicity. It is a matter of debate whether
vitamin D analogs should be administered prior or/and simulta-
neously with cytostatics to sensitize tumor cells to cytoreductive
effects of cytostatics or sequentially to counteract tumor re-
growth. Because of the antiproliferative effect of vitamin D, can-
cer cells rendered by vitamin D or analogs to the resting state
may become more resistant to treatment with cytostatics targeting
rapidly dividing cells. Vitamin D5 analogs prevent cancer cells
from entering S-phase of the cell cycle by blocking the cell cycle
at the G1/S transition [23, 24]. The simultaneous treatment of
colon cancer cells with vitamin D analogs and cytostatic in vitro
led to a decrease in the percentage of cell deaths [24]. We inves-
tigated whether low-calcemic synthetic analogs of vitamin D
interfere with the renewal of colon cancer cells which resisted
treatment with 5-FU. Since the anti-proliferative and pro-
differentiating effects of vitamin D depend mostly on the differ-
entiation status and the cancer cell type [25], we studied both
moderately and poorly differentiated colon cancer cell lines.

Materials and methods
Drugs and analogs

5-Fluorouracil (5-FU, Ebewe Pharma, Vienna, Austria) solu-
tion was diluted in culture medium shortly before using, and
added to cell culture at a concentration of 6 pg/ml (46 uM).

Analog PRI-1906 [(24E)-24a-homo-(1S5)-1,25-
dihydroxyvitamin D;] and analogs PRI- 2191 [(24R)-1,24-
dihydroxyvitamin Dj, tacalcitol) and PRI-2205, (SE,7E) isomer
of calcipotriol, were synthesized at Pharmaceutical Research
Institute, Warsaw, Poland [26, 27]. Samples of analogs, dried
down in amber ampoules, were dissolved in ethanol (99,8 %)
to obtain 200 uM stock solution. The solution was stored at
—20 °C, and diluted in culture medium to working concentration,
right before use.

Cell lines

Human colon adenocarcinoma cell lines HT-29 (moderately
differentiated cell line) and HCT-116 (poorly differentiated
cell line) were purchased from DSMZ and ATCC, respective-
ly. Both lines express vitamin D receptor (VDR). Cell lines
were cultured in McCoy’s 5A medium (Lonza, Belgium) sup-
plemented with glutamine, 10 % FBS and antibiotics at 37 °C
and 5 % CO,.
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Selection of cancer cells refractory to treatment with 5-FU

HT-29 or HCT-116 cells were seeded in 75-cm? flasks
(Nunclon) at a cell density of 1.7x10° cells/20-ml medium.
After 4-h incubation, 5-FU at a final concentration of 6 pg/ml
(46 uM) was added to cells attached to plastic. Cells were ex-
posed to 5-FU for 24 h, and then culture medium was replaced
with a fresh medium without 5-FU for the next 3 days. After the
cytoreduction, cells resistant to a single treatment with 5-FU
were collected using trypsin with EDTA (Trypsin-EDTA,
Lonza). The collected cells denominated as HT-29/5-FU cells
or HCT-116/5-FU cells were passaged to test their regrowth and
clonogenicity without or in the presence of vitamin D analogs.

Cultures of cells preselected with 5-FU

HT-29/5-FU cells and HCT-116/5-FU cells were seeded in 75-
cm? flasks (Nunclon) at a cell density of 1.5x10° cells/20-ml
medium without or with PRI-2191, PRI-2205, or PRI-1906.
Fresh medium with or without vitamin D analogs was replaced
after 2 days. On day 4 of culture, cells were harvested using
trypsin with EDTA.

In the clonogenicity assay, 10%/dish of chemonaive HT-29 or
HCT-116 cells or 5x 10*/dish HT-29/5FU or HCT-116/5FU cells
were plated in 35-mm diameter Petri dishes. Cells were cultured
without or with PRI-2191, PRI-2205, or PRI-1906 for 10 days.
The number of colonies was counted after fixing in methanol
and staining with crystal violet. Colonies consisting of at least 20
cells were counted under a microscope at a 40-fold
magnification.

Monolayer wound healing assay

To evaluate migration ability, monolayer wound healing assay
for HT-29 and HCT-116 cells and also for the tumor cells
preselected with 5-FU was performed. The cells were plated
in Petri dishes. At the next day, the cells were confluent and
two scratch wounds of approximately 400-um width were
made with pipet tip. The wounds were measured under
inverted microscope. After treatment with vitamin D analogs
for 24 h (chemonaive cells) or 48 h (pretreated cells), the
wounds were measured again in the same marked site. The
cell migration distance was determined by measuring the
width of the wound divided by two and by subtracting this
value from the initial half-width of the wound.

Antibodies and flow cytometry

AlexaFluor700-anti-CD44 and AlexaFluor647-anti-Ki-67
were purchased from BD Pharmingen (Franklin Lakes, NJ,
USA) FITC-anti-EpCAM. PE-Cy7-anti-CXCR4 was pur-
chased from BD Biosciences (San Jose, CA, USA). PE-anti-
CD133/1 (AC133) was purchased from Miltenyi Biotec
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(Cologne, GE). Intracellular staining was performed using
FoxP3 Staining Buffer Set (eBioscience) according to manu-
facturer’s protocol. Flow cytometry was performed using the
FACSArialll, BD Biosciences. Data were analyzed using the
FACSDiva software (BD Biosciences).

Gene expression analysis

Total RNA was extracted using TRIzol reagent according to
manufacturer’s instruction. RNA quality was confirmed with
NanoDrop ND-1000 spectrophotometer. Total RNA (1 pg)
was reverse transcribed to complementary DNA (cDNA) using
high-capacity cDNA reverse transcription kit (Life Technolo-
gies, Foster City, CA, USA). Next, the relative quantitation of
genes expression was analyzed in triplicates by TagMan Array
and 7500 fast real-time PCR system (Life Technologies, Foster
City, CA, USA). The comparative CT method was used with
18S rRNA serving as an endogenous control. The data output
was expressed as a fold-change of expression levels. Fold-
differences calculated using the AACt method are expressed
as a range which is a result of incorporating the standard devia-
tion of the AAC+ value into the fold-difference calculation.

Statistics

Statistical significance was evaluated with one-way ANOVA
with Bonferroni multicomparison posttest correction using
SPSS 14.0 (SPSS Inc). P values <0.05 were considered
significant.

Results

Vitamin D analogs decrease clonogenicity of chemonaive
HT-29 cells and HT-29 cells that survived treatment
with 5-FU but do not affect clonogenicity of HCT-116 cells

We evaluated the effect of vitamin D analogs on renewal of HT-
29 and HCT-116 cells after the exposure to 5-FU in the
clonogenicity assay. PRI-1906 was the most effective inhibitor
of clone formation by chemonaive HT-29 cells, whereas among
tested vitamin D analogs, PRI-2205 was the least effective in-
hibitor of clonogenicity (Fig. 1a). Vitamin D analogs tested at
concentrations ranging from 2.5 to 1000 nM did not inhibit
clone formation by chemonaive HCT-116 cells (Fig. 1b). Per-
centage of clonogenic cells decreased in HT-29 cells treated with
5-FU at a concentration of 6 pg/ml, in comparison to
chemonaive HT-29 cells. Vitamin D analogs decreased further
the number of clones formed by HT-29/5FU cells (Fig. 2a).
Vitamin D analogs, even at concentration as high as 1000 nM,
did not reduce clonogenicity of HCT-116/5-FU cells (Fig. 2b).
To evaluate migration/invasion potential of chemonaive
and 5-FU-preselected colon cancer cell lines, the monolayer

wound healing assay was performed. Vitamin D analogs had
no effect on the migration of chemonaive or 5-FU-preselected
HT-29 cells and HCT-116 cells after 24 or 48 h of observation
(data not shown).

Vitamin D analogs decrease the proliferative activity
of colon cancer cells during their renewal

after the treatment with 5-FU and moderately modify
the expression of CSC surface markers

Chemonaive HT-29 and HCT-116 cells expressed CD133,
CXCR4, CD44, and EpCAM considered as cell surface markers
of CSCs. Vitamin D analogs modified the expression of CSC
markers in HT-29/5-FU cells undergoing renewal after treatment
with 5-FU. CD133 expression level increased in HT-29/5-FU
cells during 4-day renewal period after cell passage, but not in
HT-29/5-FU cells exposed to vitamin D analogs (Fig. S1).
CXCR4 and CD44 expression decreased in HT-29 cells follow-
ing 5-FU treatment, and did not recover in HT-29/5-FU cells
during 4-day culture after cell passage. Analogs PRI-1906 and
PRI-2191 moderately promoted the re-expression of CD44 in
HT-29/5-FU cells during the renewal period. Nonetheless,
CD44 expression in HT-29/5-FU cells exposed to PRI-1906 or
PRI-2191 did not recover to the level observed in chemonaive
HT-29 cells. PRI-2205 did not promote the re-expression of
CD44 in HT-29/5-FU cells.

PRI-1906, PRI-2191, and PRI-2205 decreased the prolifera-
tive potential of HT-29/5-FU cells during their renewal after
treatment with 5-FU. The expression of intracellular proliferation
marker Ki67 was substantially lower in HT-29/5-FU cells col-
lected on day 3 after 5-FU removal from the culture as compared
to chemonaive HT-29 cells, but recovered during a 4-day renewal
period after cell passage (Fig. 3). Vitamin D analogs inhibited the
recovery of Ki-67 expression in HT-29/5-FU cells during renew-
al after cell passage. The inhibitory effect of vitamin D analogs
on the recovery of Ki-67 expression was observed in all HT-29/
5-FU cell subsets identified depending on CD133 and CXCR4
expression level, except for a minor CD133 " CXCR4" cell sub-
set. A proportion of cell subpopulations identified on the basis of
CD133 and CXCR4 expression level in HT-29 cell population
was changed after the exposure to 5-fluorouracil.
CD133"CXCR4 cells prevailed among chemonaive HT-29
cells, whereas CD133"CXCR4 ™ cells prevailed among HT-29/
5-FU cells. A minor subpopulation of HT-29/5-FU cells identi-
fied as CD133 " CXCR4" cells highly expressed Ki-67. It sug-
gested that this subpopulation might play an important role in the
initiation of cancer re-growth after treatment with 5-FU.

Vitamin D analogs at a concentration of 1 uM did not sub-
stantially modify CD133, CXCR4, CD44, or EpCAM expres-
sion level in HCT-116/5-FU cells during their renewal in 4-day
culture after cell passage. PRI-1906 and PRI-2191 at a concen-
tration of 1 uM decreased the proliferative capacity of HCT-116/
5-FU cells during their renewal after the treatment with 5-FU,
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Fig. 1 The effect of vitamin D analogs on the clonogenicity of
chemonaive HT-29 cells (a) and chemonaive HCT-116 (b). For HCT-
116 cell line, only data obtained at the highest used concentration

(1000 nM) of vitamin D analogs are shown. The bar graphs indicate
mean colony numbers+standard deviation (SD). Cultures were set in
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but CXCR4" HCT-116/5-FU cells were less susceptible to the
anti-proliferative effect of vitamin D analogs than CXCR4~
HCT-116/5-FU cells. Ki-67 expression in CD133"CXCR4"
and in CD133"CXCR4" HCT-116/5-FU cells was very high
even after the treatment with vitamin D analogs (Fig. 4).

The relative mRNA expression of CSC-related
and EMT-related genes increases in colorectal cancer cells
during their renewal following the exposure to 5-FU

Analysis of the relative messenger RNA (mRNA) expression
showed that both colon adenocarcinoma-derived cell lines HT-
29 and HCT-116 expressed genes linked to CSC-like pheno-
type and to epithelial-mesenchymal transition (EMT) process
(Fig. 5). The expression of stem/progenitor cell genes ALCAM
(CD166), EPHB2, and PTEN was markedly higher in HCT-116
cells than in HT-29 cells. Both cell lines similarly expressed
CD44, EPCAM, EPHB4, NOTCHI, OCT3/4, PROMI
(CD133), and SOX2. The relative expression of colon tissue
stem cell genes LGRS and SHH, playing a substantial role in
the maintenance and renewal of the colonic epithelium, and
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n=>5 replicates, except for HT-29 cell control (n=10). An asterisk
indicates a significant difference between mean colony-forming cell
numbers in cultures with vitamin D analog and in control, p<0.05.
Each of the experiments is a representative one out of three independent
experiments

CXCR4 gene was markedly higher in HT-29 cells than in HT-
116 cells. The expression of several genes (SNA/I, ZEBI,
TGFBI, CTNNBI, FSCN1, BIRCS, HIF1A, VEGFB, NRPI)
involved in EMT, invasion, or angiogenesis was higher in
HCT-116 cells than in HT-29 cells, and the expression of other
of such genes (i.e., TWIST1, SNAI2, VIM1, CDH2, MMP7, and
NRP2) was detected in HCT-116 cells but not in HT-29 cells.
The expression of genes KRT20, VILI1, CDHI involved in cell
differentiation and maintenance of the epithelial phenotype of
colon cancer cells was higher in HT-29 cells than in HCT-116
cells. HT-29 cells expressed CSC/drug resistance genes
ALDHIAI and ABCG2, whereas HT-116 cells expressed
ABCBI and ABCG?2, but did not express ALDHIAI.

The mRNA expression of numerous CSC-related and EMT-
related genes increased highly in HT-29/5-FU cells undergoing
renewal following treatment with 5-FU as compared to
chemonaive HT-29 cells (Fig. 6). The expression of some
CSC/EMT genes increased also in HCT-116/5-FU cells during
renewal, although not as much as in HT-29/5-FU cells. The
upregulation of CSC/EMT-related genes in HT-29/5-FU cells
and in HCT-116/5-FU cells was observed on the third day after
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Fig.2 The effect of vitamin D analogs on the clonogenicity of HT-29/5-
FU cells (a) and HCT-116/5FU cells (b). For HCT-116/5-FU cells, only
data obtained at the highest used concentration (1000 nM) of vitamin D
analogs are shown. The bar graphs indicate mean colony numbers+SD.
HT-29/5-FU cell cultures were plated in n=5 replicates, and HCT-116/5-
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FU in n=10 replicates. An asterisk indicates a significant difference
between mean colony-forming cell numbers in cultures with vitamin D
analog and in control, p<0.05. Each of the experiments is a representative
one out of three independent experiments
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Fig.3 The inhibitory effect of vitamin D analogs on Ki-67 expression in
HT-29/5-FU cell subsets identified on a basis of CD133 and CXCR4
expression level. Flow cytometry plots shown in the upper row
demonstrate analysis of CD133 expression versus CXCR4 expression
in chemonaive HT-29 cells cultured for 4 days in medium only (HT-29
medium [4 days]), HT-29 cells treated with 5-FU for 1 day, and
subsequently cultured without 5-FU for 3 days (HT-29 5-FU [1 day]

5-FU removal from cultures, and also after additional 4 days of
culture after cell passage.

PRI-1906 and PRI-2191 downregulate the expression
of genes related to survival, re-growth, and invasiveness
in HT-29/5-FU cells during renewal

We examined gene expression in 5-FU-preselected HT-29 colon
cancer cells (HT-29/5-FU cells) cultured without or with vitamin
D analogs (PRI-1906, PRI-2191, or PRI-2205) added to the cul-
tures at a concentration of 10 nM during 4-day renewal following
cell passage (Fig. 7). The inhibitory effect of PRI-1906 and PRI-
2191 on the clonogenicity and proliferation of HT-29/5-FU cells
was associated with downregulation of a wide range of genes
involved in cell renewal process. PRI-1906 and PRI-2191 de-
creased the expression of a majority of genes related to stemness,
EMT, angiogenesis, cell proliferation, and cell survival. The only

Ki67 i
medium [3 days]), HT-29/5-FU cells cultured after the passage for
4 days in medium (HT-29/5-FU medium [4 days]) or with 2.5 nM PRI-
1906 (HT-29/5-FU PRI-1906 [4 days]) or 2.5 nM PRI-2191 (HT-29/5-FU
PRI-2191 [4 days]) or 15 nM PRI-2205 (HT-29/5-FU PRI-2205
[4 days]). Ki-67 expression is shown in histogram overlays and
separately for HT-29 cell subsets gated on a basis of CD133 and
CXCR4 expression level

CSC/SC-related genes upregulated in HT-29/5-FU cells treated
with PRI-1906 were SHH1, CD44, LGRS, and SPPI. None of
the CSC/SC-related genes was upregulated in HT-29/5-FU cells
cultured with PRI-2191. The mRNA expression of PTEN, which
is a critical negative regulator of the cell-survival signaling path-
way initiated by PI3K was not affected by vitamin D analogs.
PRI-1906 and PRI-2191 partially reversed the upregulation of
some of CSC/EMT-related genes induced following the expo-
sure of HT-29 cells to 5-FU. PRI-1906 and PRI-2191 decreased
the expression of several pro-apoptotic genes, but also decreased
the expression of anti-apoptotic gene BCL2. PRI-1906 and PRI-
2191 down-regulated the expression of KR720 and MUCI relat-
ed to colon cell differentiation.

In contrast to PRI-1906 and PRI-2191, PRI-2205 generally
did not affect the expression of genes related to stemness, EMT,
angiogenesis, cell proliferation, survival, and apoptosis in HT-
29/5-FU cells, but increased the expression of anti-apoptotic
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Fig. 4 The inhibitory effect of vitamin D analogs on Ki-67 expression in
HCT-116/5-FU cell subsets identified by CD133 and CXCR4 expression
level. Flow cytometry plots shown in the upper row demonstrate analysis
of CD133 expression versus CXCR4 expression in chemonaive HCT-116
cells cultured for 4 days in medium only (HCT-116 medium [4 days]),
HCT-116 cells treated with 5-FU for 1 day and subsequently cultured
without 5-FU for 3 days (HCT-116 5-FU [1 day] medium [3 days]),

gene BCL2 and genes related to differentiation of colonic epi-
thelium. The mRNA expression of thymidine phosphorylase
gene (TYMP) increased in HT-29/5-FU cells in the presence of
each of vitamin D analogs tested.

Opposite effects of PRI-1906 and PRI-2191
on the expression of genes related to stemness
and angiogenesis in HCT-116/5-FU cells during renewal

We compared gene expression in HCT-116/5-FU cells cultured
for 4 days without or with PRI-1906 or PRI-2191 at a concen-
tration of 1 uM (Fig. 8). PRI-1906 augmented expression of the
majority of genes related to stemness and angiogenesis, whereas
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Ki67
HCT-116/5-FU cells cultured after the passage for 4 days in medium
(HCT-116/5-FU medium [4 days]) or with 1 uM PRI-1906 (HCT-116/
5-FU PRI-1906 [4 days]) or 1 uM PRI-2191 (HCT-116/5-FU PRI-2191
[4 days]). Ki-67 expression is shown in histogram overlays and separately
for HCT-116 cell subsets gated on a basis of CD133 and CXCR4
expression level

PRI-2191 decreased expression of such genes, except for SHH
and NRPI. It suggested that PRI-2191 at a high concentration
induced HCT-116/5-FU cell shift toward a more differentiated
phenotype, whereas PRI-1906 reverted HCT-116/5-FU cells to-
ward a less differentiated phenotype. PRI-1906 decreased the
expression of some genes related to apoptosis. Both analogs:
PRI-1906 or PRI-2191 augmented expression of CDH1 gene.

Discussion

The aim of this study was to examine whether vitamin D
analogs decrease renewal capacity of colon cancer cells that
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resisted treatment with conventional chemotherapeutic 5-FU.
It was reported previously that conventional chemotherapy
preferentially spares CSC [28-33]. However, because of can-
cer cell plasticity, also heterogeneous cancer cells may acquire
mesenchymal-like phenotype and stem-cell properties in re-
sponse to chemotherapy [7, 34-37]. In our study, analysis of
CSC- and EMT-related gene expression pattern indicated that
a bulk of colon cancer cells that resisted the exposure to 5-FU
acquired more features of a stem-like phenotype than the non-
treated cancer cells. The phenotype shift toward stemness of
5-FU-selected cell population was much more pronounced in
a moderately differentiated HT-29 cell line than in a poorly
differentiated HCT-116 cell line. This observation indicated

TWISTT  — CDH1 : .
TGFB1 |— MUCT |
MMP7 VIL1
MMP9 ﬁ KRT20 |
CTNNB1 | AIFM1 |
EP300 it— APAF1 |
VIM  —— TP63
CDH2 TP53 |
FSCN1 BAX |
BIRCS |iiee—— CASP3 |
MKI67 ' CASP7 |
CCND2 BCL2 |
CCND3 | BBC3 |
EPHB? |t— TNFRSF108B |
EPHB4 | TNFRSF10A |
EFNBT | TOP2A |
EFNB2 | TYMP |
KRAS | ALDH1A1 |
BRAF | ABCG2 |
EGFR | ABCB1 | .
S 8 g 8 3 s 5 5 5 g
m o m o m o m M m @ | @ oM
& 2 &8 & R 8 <« 8 & R
2AA-Ct 2AA-CT

that more differentiated colon cancer cells display higher plas-
ticity following the exposure to chemotherapeutic drug than
undifferentiated colon cancer cells.

The regulatory effects of vitamin D analogs on the re-
growth of colon cancer cell after treatment with 5-FU varied,
depending on cell differentiation stage and sensitivity to vita-
min D. Vitamin D analogs decreased clonogenicity and pro-
liferation of HT-29 cell line and HT-29/5-FU cells even at
relatively low doses. In contrast, vitamin D analogs at wide
range of doses did not affect clonogenicity of HCT-116 cells
and HCT-116/5-FU cells, although at a high dose partially
inhibited proliferation of HCT-116/5-FU cells during their re-
newal. We observed a differential sensitivity of colon cancer

Fig. 6 CSC- and EMT-related HT-29 HCT-116
genes are upregulated in HT-29/5- ALCAM
FU and HCT-116/5-FU on day 3 g —— oCT34
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116/5-FU in comparison to CXCR4 /C::)s(gﬁj
chemonaive HT-29 cells or FSCN1 — SNA/2 -
chemonaive HCT-116 cells, SNA!T ——— ZEB?
respectively. Fold-differences ZEB1 —— NRP1 —
calculated using the AACt NRP? i— NRP2 |
method are expressed as a range VEGFD e VEGFB

S - : TGFBT ., TGFB1
which is a result of incorporating HIF 1 HIF1
the standard deviation of the CTNNB? jmm- CTNNB1
AACT value into the fold- VEGFA - VEGFA |
difference calculation MMP7 & MmP7 :

0 50 100 01 2 3 4 5 6

Fold change of mRNA

Fold change of mRNA

level level

mDay 3 after 5-FU
ODay [3+4] after 5-FU

@ Springer



4706

Tumor Biol. (2016) 37:4699-4709

Fig.7 Vitamin D analogs modify HT-29/5-FU
gene expression in HT-29/5-FU I -
cells undergoing renewal. The SHH MKI67
graphs show the relative mRNA PTCH1 ABL1
expression level in HT-29/5-FU GLI1 KRAS
exposed to vitamin D .analog as ALCAM myc
compared to the level in HT-29/5- o CD44 BRAF
FU cultured in medium only for 1% c EGFR
4 days after cell passage. HT-29/ S| xR 2
_ Ol Cocam = EFNB1
5-FU cells were cultured with &) 5 EFNB2
vitamin D analogs added at a LGR5 = EPHB2
. —
concentration of 10 nM. Fold- NANOG o EPHBA
differences calculated using the NOTCH1
CCND1
AACT method are expressed as a oCT3/4
L. CCND2
range which is a result of PROM1
: : CCND3
incorporating the standard PTEN
deviation of the AACr value into CDKN2A
the fold-difference calculation soxz STAT3
SPP1 = ABCG2
ZEB1 E ALDH1A1
SMAD2 2 ERCC1 ]
o | Snan kS GSTP1 =
§ SNAI2 IS TYMP —
Q| T1GFB1 2 TOP2A et
= o
§ MMP7 S| AURKB ==
£ |crwar E REC8 R
S| epsoo BIRCS i
L ESCNT | AIFM1 G
|| =
KLF4 BCL2 "
KLF5
VEGFA WPRI1906 |G| CASP3 =~ mPRI-1906
2 OPRI-2191 5| Aask7 - OPRI2191
£ | VEers OPRI-2205 | S| TNFRS10A "B LPRI2205
= HIF1A TNFRS10B =
g? NRP1 BBC3 =
<| NRP2 TP53 e
— 0 05 1 15 2 25 P63 | Y
Fold change of mRNA level c CDXx2
S viL1
g MUC1 —
% KRT20 —
E VDR
CDH1 [
0 0,5 1 1,5 2

cells to anti-proliferative activity of vitamin D analogs, de-
pending on the expression of CXCR4 considered as a marker
of cancer stem-like cells with high metastatic potential [38,
39]. Our data suggested that in both colon cancer cell lines,
CXCR4'CDI133" cancer cells initiated renewal after treatment
with 5-FU, and this cell subpopulation was the least sensitive
to anti-proliferative effects of vitamin D analogs.

We found that during cancer cell renewal after the treat-
ment with 5-FU, differential effects on gene expression pat-
tern might be obtained in moderately and in poorly differen-
tiated colon cancer cell lines by using synthetic analogs of
active form of both, vitamins D, and D5, modified in the

@ Springer
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aliphatic side chain. PRI-2191, a calcitriol analog that reduced
proliferative activity of both moderately and poorly differen-
tiated cancer cells during their renewal following treatment
with 5-FU, induced changes in gene expression pattern toward
the loss of stem-like phenotype. PRI-1906, a vitamin D, ana-
log, induced similar effects, but only in HT-29/5-FU cells. In
HCT-116/5-FU cells, PRI-1906 decreased proliferation of
HCT-116/5-FU cells during their renewal, but concomitantly
increased the expression of CSC-related genes in these cells.
Such a shift of cancer cell phenotype toward a more stem-like
one could pose a risk of the increased tumorigenicity of
mesenchymal-like colon cancer cells treated with PRI-1906
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Fig. 8 PRI-1906 and PRI-2191
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following 5-FU-based therapy. Therefore, PRI-2191 seems a
safer candidate than PRI-1906 for targeting CSC-like cells
initiating tumor recurrence after conventional chemotherapy.
PRI-1906 and PRI-2191 analogs highly increased SHH
expression in HCT-116/5-FU cells during renewal. Hedgehog
signaling is involved in constant renewing and differentiation
of the colonic lining epithelium. It was reported [40] that
poorly differentiated colon cancer cells are rather insensitive
toward inhibition of Hh signal transduction by cyclopamine,
in contrast to colon cancer cells with high differentiation sta-
tus, such as HT-29, which depend on active Hh signaling.
Data of this report supported assumption that a highly prolif-
erative and dedifferentiated phenotype seems to be

accompanied with a loss of active Hh signaling during onco-
genesis of colon cancer. Our data showed that the two
assessed vitamin D analogs reactivate SHH expression in
poorly differentiated colon cancer cells.

We found that PRI-1906 and PRI-2191 decreased the ex-
pression of SNAII and SNAI2 in HT-29/5-FU cells during their
renewal. It was reported that the transcription factor SNAIL
represses VDR expression transcriptionally and post-
transcriptionally in human colon cancer [12], which may lead
to a loss of response to the antitumor effects of calcitriol and
analogs in vitro and in vivo. A balance between VDR and
SNAIL, ZEB1 expression is critical for E-cadherin expres-
sion, which influences cell fate during colon cancer
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progression [41]. Colon cancer patients with high levels of
SNAIL are likely to be poor responders to therapy with vita-
min D analogs. Thus, downregulation of SNAIL, and upreg-
ulation E-cadherin (encoded by CDHI gene) in colon cancer
cells by vitamin D analogs might promote mesenchymal-to-
epithelial transition and increase the responsiveness to therapy
with vitamin D analogs.

Thymidine phosphorylase overexpression has been associ-
ated with the promotion of tumorigenicity [42—45]. However,
the increased TYMP expression induced by vitamin D analogs
in colon cancer cells during renewal after treatment with 5-FU
might favorably increase colon cancer response to 5-FU dur-
ing the following cycle of treatment, since thymidine phos-
phorylase is an activating agent for pro-drugs of 5-FU
[46-48].

In conclusion, our data suggest that select low-calcemic
synthetic vitamin D analogs could be used to prevent cancer
recurrence, if used sequentially after treatment with conven-
tional chemotherapeutics to target colon cancer cell which
acquired stem-like phenotype in response to chemotherapy.
Out of series of vitamin D analogs studied, PRI-2191 might
be useful both to decrease proliferative activity and to modu-
late the expression of stemness-related genes in moderately
and in poorly differentiated colon cancer cells initiating cancer
renewal after treatment with 5-FU.
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