
INTRODUCTION

Retinoic acid represents one of the most active intra-

cellular retinol (vitamin A) metabolites. Functional activ-

ity of retinoic acid (RA) is associated with transcription

regulation of more than five hundred genes containing

retinoid responsive elements in the relevant promoter

region, which is executed with the help of nuclear RA

receptors primarily proteins RAR (RARα, β, and γ) and

RXR acting as heterodimeric transcription factors as well

as via peroxisome proliferator-activated receptors β/δ

(PPARβ/δ) also forming dimer with RXR [1]. RA regu-

lates crucial biological processes related to cell differenti-

ation, tissue remodeling, and immune response through

regulation of the transcriptional activity of a number of

genes. In the majority of cells, RA stimulates differentia-

tion or apoptosis and could even act as a negative regula-

tor of cell proliferation thereby allowing to consider it as

a tumor suppressor. In connection with this, extensive

attempts have been made to develop chemotherapeutic

agents based on RA and its synthetic analogs. However,

clinical use of retinoids is limited only to the treatment of

acute promyelocytic leukemia due to rapidly developing

resistance of malignant cells to RA [2].

Functional activity of RA is mainly determined by its

delivery to the nuclear receptors. Representatives of the

intracellular lipid binding protein (iLBP) family, primari-

ly two RA-binding proteins CRABP1 and CRABP2 (cel-

lular retinoic acid binding proteins-1 and -2) as well as
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Abstract—Retinoic acid (RA) binding proteins, CRABP1 and CRABP2, are molecular chaperones that mediate intracellu-

lar activity of RA, the key promoter of cell differentiation with tumor suppressor activity. One of the main functions of

CRABP2 is delivery and transfer of RA to the nuclear receptors RAR/RXR, which leads to activation of the transcription

of a wide range of retinoid-responsive genes. The functions of CRABP1 are less studied but are apparently associated with

sequestration of RA in cytoplasm and limitation of its transcriptional activity, suggesting involvement of this protein in the

development of RA resistance. The mechanisms regulating activity of CRABP1 are also poorly understood. Comparison of

the CRABP1 level in tumor cell lines of various origins, performed for the first time here, showed absence of the CRABP1

protein in the cell lines of tumors considered to be RA-resistant, and pronounced production of this protein in the RA-sen-

sitive cells. However, analysis carried out with a panel of breast cancer cell lines with different levels of RA-sensitivity showed

that there was no correlation between the production of CRABP1 protein and the sensitivity of the cells to RA. At the same

time, we found strong correlation between the expression of CRABP1 and CRABP2 proteins in all studied cell types, regard-

less of their origin and RA-sensitivity/resistance. Moreover, suppression of the CRABP1 level in both RA-sensitive and RA-

resistant cells was shown in the cells with cells with knockdown of CRABP2 gene. The revealed CRABP2-dependent regu-

lation of CRABP1 production is a new mechanism of the intracellular retinoic signaling system.
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representative of the fatty acid-binding protein family

(FABP5) are responsible for intracellular transport of the

hydrophobic RA molecules to the receptors [3].

According to some data in general the CRABP proteins

(or at least CRABP2) ensure interaction of RA with the

RAR/RXR receptors, whereas FABP5 delivers RA to the

receptor PPARβ/δ. It is assumed that interaction of RA

with various nuclear receptors result in the opposite

intracellular effects: the CRABP2-dependent

RAR/RXR activation stimulated differentiation and the

RA-dependent pro-apoptotic and anti-proliferative

activity, whereas the FABP5-mediated RA interaction

with PPARβ/δ facilitates transcriptional activation of the

genes responsible for survival, proliferation, and angio-

genesis [4]. RA affinity to CRABPs is higher than to

FABP5 [5]. Moreover, in the majority of cells the

CRABP2/FABP5 and RAR/PPARβ/δ ratios are shifted

towards the CRABP-RAR pathway determining the RA-

associated tumor suppressor function in the most of tis-

sue types [6]. In addition, some data exist indicating that

the elevated FABP5/CRABP2 ratio correlates with the

resistance of cell to RA [7, 8]. In connection with the

aforementioned CRABP2 function, this protein is con-

sidered as a tumor suppressor. Moreover, CRABP2 has

been also shown to exert cytosolic activity in the pres-

ence of RA unrelated to activation of its cognate recep-

tors, which also facilitates cell cycle arrest and stabiliza-

tion of the pro-apoptotic gene transcripts [9, 10].

Despite this, CRABP2 seems to play a tumor-promoting

role in some types of tumors [11, 12] via mechanisms

remaining poorly understood. The breast cancer (BC)

study data demonstrating that FABP5 is mainly

expressed in the ER-negative and triple-negative tumors

usually displaying RA-resistance [8] indirectly suggest

that FABP5 is involved in this phenomenon. CRABP1

demonstrates the highest affinity to RA among the RA-

binding proteins [13], but its functional significance has

not been elucidated yet, and the available data on its role

in cell transformation and tumor progression are contra-

dictory.

It is assumed that binding of CRABP1 to RA results

in its cytosolic retention [14], limited activity (including

RA access to CRABP2 via a competitive mechanism

[15]), and could even contribute to metabolism of the lat-

ter [16-18]. In accordance with this, it can be suggested

that CRABP1 is involved in acquiring of the cell resist-

ance to RA. However, to our best knowledge there are

almost no studies examining a link between CRABP1 and

sensitivity to RA except a single work cited above that

reported upregulated expression of this protein in the

ER/PR-negative breast cancer cells [15]. According to

other data CRABP1, similarly to CRABP2, was able to

direct RA to RAR receptors, but did not interact with

them directly and dissociation of the RA-CRABP1 com-

plex occurred prior to the transfer of RA to the receptor

[13]. In this connection, it remains unclear what exactly

this protein does in the nucleus, although it carries a

nuclear localization signal similar to CRABP2, and its

presence in the nucleus has been confirmed in our previ-

ous study [19] and reported by others [20].

At present, nothing is known about the potential

interplay between the CRABP proteins, which, however,

seems quite plausible considering that both proteins facil-

itate realization of the similar RA-driven events, and are

themselves products of the retinoid-responsive genes.

Such possibility was suggested previously based on the

data obtained in our earlier study [21].

Nonetheless, virtually no studies exist among the

numerous publications examining RA-binding proteins

that analyze CRABP1 and CRABP2 simultaneously

except the aforementioned studies on examining

CRABPs in the breast cancer cells [15] and our study

investigating non-small cell lung cancer samples [21].

In this work for the first time, we assessed expres-

sion of both CRABP1 and CRABP2 proteins in a broad

range of cell lines and analyzed its potential link with RA

sensitivity. We found lack of stringent association

between the production of such proteins and RA sensi-

tivity, albeit the majority of RA-sensitive cell lines was

characterized by high expression level, whereas most of

the RA-resistant cell lines lacked production of CRABP

proteins. In the process, we found correlation between

the production of CRABP1 and CRABP2 – all cell lines

expressing CRABP1 typically produced high levels of

CRABP2, whereas those characterized with the signifi-

cantly lower or lost expression of CRABP2 did not pro-

duce CRABP1. Moreover, for the first time we were able

to demonstrate that expression of CRABP proteins is

correlated with CRABP2 acting as upstream regulator of

CRABP1.

MATERIALS AND METHODS

Cell lines. The following cell lines from ATCC col-

lection were used in the study: non-small cell lung cancer

(NSCLC) – A549, H1299, H460; glioblastoma – LN229

and U87; ovarian cancer – OVCAR-8, SK-OV-3, EFO-

21; neuroblastoma – SK-N-AS, SH-SY-5Y, IMR-32;

BC – MCF7, T47D, SKBR3, HCC1954, MDA-MB-

453, HCC1937, MDA-MB-468, MDA-MB-231,

HBL100. Pseudoretroviral particles were obtained by

using epithelial cell lines 293FT (Invitrogen, USA) and

GP293 (Clonetech, USA). Cells were cultured in the

DMEM medium (PanEco, Russia) containing

0.294 mg/ml L-glutamine, supplemented with 10% fetal

bovine serum (PAA Laboratories, USA), 0.1 mg/ml

streptomycin, 100 U/ml penicillin, at 37°C and 5% CO2.

MCF10A breast epithelial cells were cultured in the

DMEM/F-12 medium (Gibco, USA) supplemented with

5% horse serum (Gibco), 20 ng/ml growth factor EGF

(Thermo Fisher Scientific, USA), 0.5 mg/ml hydrocorti-
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sone (Sigma-Aldrich, USA), 100 ng/ml cholera toxin

(Sigma-Aldrich), and 10 µg/ml insulin (Sigma-Aldrich).

Mycoplasma contamination was assessed by using routine

PCR protocol followed by staining with Hoechst 33342

(Thermo Fisher Scientific).

Retinoic acid-cell sensitivity. All-trans retinoic acid

(ATRA) was dissolved in DMSO for preparing 10 µM

stock solution. Cells were seeded 50-300,000 per well

depending on the cell line followed by 5-day culturing in

the presence of 0.1-100 µM ATRA. After that cells were

detached by incubating with 0.25% trypsin-EDTA solu-

tion, mixed with a trypan blue dye (1 : 1 cell/dye volume

ratio) and counted in a hemocytometer. Cells of the same

origin cultured in the presence of a concentration-

matched DMSO without ATRA for 5 days were used as

controls. Number of live cells in control samples for each

cell line was taken as 100%.

Generation of exogenous CRABP1-overexpressing

cell lines. Molecular cloning and retrovirus infection were

performed according to the previous protocol [22].

Primers specific to the motifs flanking the CRABP1-cod-

ing sequence were used for PCR amplification: CRABP1

cloning F: 5′ATTCTCGAGCCACCATGCCCAACTTC3′

and CRABP1 cloning R: 5′ACAGGATCCCTGC-

CTTCACTCTCGG3′ (restriction sites highlighted in

italics, complimentary mRNA sequences underlined).

cDNA isolated from the human lung cancer samples and

synthesized on the relevant mRNA was used as a PCR

template. Amplification was carried out by using high-

fidelity DNA Polymerase PFX (Invitrogen), according to

the manufacturer’s protocol. CRABP1-coding sequence

was cloned into a retrovirus vector pLXSN (Clontech,

USA) at restriction sites XhoI and BamHI to be further

assessed by using restriction enzymes as well as PCR

primers: pLXSN F: CCCTTGAACCTCCTCGTTCG

and pLXSN R: TTTCCACACCTGGTTGCTGA,

designed complementary to the motifs flanking the insert.

Human CRABP1 specificity was verified by sequencing.

Pseudoretroviral particles were obtained after GP293 cell

transfection performed by using 2 µg DNA equimolar mix

pLXSN-CRABP1 and pVSV-G (Clontech) added with

LipofectAMINE 2000™ Reagent (Invitrogen), according

to the manufacturer’s protocol. After the cells reached

20-30% confluence, 24-, 48- and 72-h virus inoculates

were added mixed with the culture medium at 1 : 1 ratio

as well as 8 µg/ml polybrene (Sigma-Aldrich). Next,

transfected cells were selected by incubating with

1000 µg/ml G418 (Sigma-Aldrich), for 8-9 days. In con-

trol, all such cell lines were transfected with the pLXSN-

free vector.

Generation of CRABP2 knockdown cell lines. Short

hairpin RNA (shRNA) precursors containing CRABP2

sequence were cloned into the lentivirus vector pLKO.1-

puro (Addgene, USA) at restriction sites AgeI and EcoRI.

The sequences were as follows: sh1CRABP2 –

C C G G GA A ATG G GAGAG TGAGA ATA A C TC -

GAG T TAT TC TC AC TC TC C C AT T TC T T T T TG

(TRCN0000021371), sh2CRABP2 – CCGGCGAG-

GAATTGCTCAAAGTGCTCTCGAGAGCACTTT-

GAGCAATTCCTCGTTTTTG (TRCN0000021370)

(sense and antisense sequences underlined). Final con-

structs were assessed by using PCR with primers pLKO.

1-seq standard followed by sequencing (ID sequence

AH002814.2, Homo sapiens retinoic acid-binding pro-

tein II (CRABP-II) gene, complete cds, is available at

https://www.ncbi.nlm.nih.gov/nucleotide/AH002814.2).

293FT cells at 70% confluency were used for obtain-

ing pseudoretroviral particles. For this, 2 µg of DNA mix

of vectors pLKO. 1 puro, pVSVG (Clontech) and pCMV

delta R8.2 (Addgene) at equimolar ratio was used.

Transfection was carried out with with Lipofectamine

2000™ Reagent (Invitrogen) according to the manufac-

turer’s protocol. After reaching 20-30% cell confluency,

24-, 48-, and 72-h virus inoculates were added mixed

with culture medium at 1 : 1 ratio and supplemented with

8 µg/ml polybrene (Sigma-Aldrich). Puromycin (Sigma-

Aldrich) was used for selection at a dose of 1-2 µg/ml

depending on the cell line for 4-5 days. Green fluorescent

protein-bearing shRNA (shGFP) was used to transfect

parental cell lines in the control group.

Immunoblotting. Immunoblotting was carried out

according to the previously published protocol [22]. Cells

were lysed by using RIPA buffer (50 mM TRIS-HCl

(pH 7.5), 150 mM NaCl, 0.5% DoX, 1% NP-40, 0.1%

SDS, 2 mM EDTA) supplemented with a protease

inhibitor cocktail (Complete Protease Inhibitor Cocktail,

Roche, USA). Protein concentration was measured by

using Bradford Protein Assay Kit (Bio-Rad, USA). Next,

5-µg protein sample was separated using 15% PAGE fol-

lowed by transfer onto a PVDF membrane (Millipore,

USA) that was incubated in a 5% BSA blocking solution

(PAA Laboratories GmbH) and TBS buffer supplemented

with 0.1% TWEEN-20. After that, the membrane was

incubated with primary anti-CRABP1 (Sigma-Aldrich,

HPA17203; 1 : 1000) or anti-CRABP2 (Sigma-Aldrich,

HPA004135; 1 : 500) antibodies for 12 h at 4°C. In con-

trol, protein samples were incubated with an anti-β-actin

(Abcam, USA, ab8227; 1 : 5000) antibody. In the next

step, membranes were washed and incubated with the sec-

ondary horseradish peroxidase-conjugated antibodies

(Cell Signaling, USA, 29902; 1 : 65,000) for 1 h, at room

temperature followed by subsequent washing and process-

ing with an ECL reagent (Enhanced Chemiluminescence;

Millipore). Chemiluminescent reaction was monitored

using a Kodak GelLogic 2200 Imaging system and ana-

lyzed with a Carestream Molecular Imaging Software SE

ver. 5.0.1.27.

Statistical analysis. All data were obtained by con-

ducting three independent experiments. The data were

presented as mean ± standard deviation (SD), which

were processed and plotted by using GraphPad Prizm 8.3

software (GraphPad Software, USA).
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RESULTS

CRABP1 and CRABP2 production correlates in cell

lines of diverse origins. It was established in our previous

work on RA-binding proteins that the levels of CRABP

(especially of CRABP1) varied significantly in the cancer

cell lines of various origins. Taking into consideration

available information on the potential role of CRABP1 as

an intracellular RA bioavailability regulator, we suggested

that it might be related to the development of RA-resist-

ance. In connection with this, we compared CRABP pro-

duction in various cancer cell types. In particular, we

observed that CRABP1 protein is absent in all cell lines

derived from NSCLC (A549, H1299, H460), ovarian

cancer (SK-OV-3, OVCAR-8, EFO-21), and glioblas-

toma (LN229, U87), whereas high levels of this proteins

were detected in the neuroblastoma cells (SK-N-AS, SH-

SY-5Y, IMR-32) (Fig. 1). Due to the fact that in some

cell lines no CRABP1 production was found, we used

MCF7 BC cells as a positive control. In addition, we also

showed that regardless of the origin all CRABP1-express-

ing cells also had high levels of CRABP2 protein, where-

as the cell types lacking CRABP1 demonstrated notice-

ably lower or absent CRABP2 expression. Specificity of

the antibody-mediated CRABP detection was confirmed

by presenting the data after identifying CRABP1 and

Fig. 1. Comparison of production of CRABP1 and CRABP2 in the cancer cell lines of diverse origin using immunoblotting: NSCLC (H1299,

A549, H460), ovarian cancer (OVCAR-8, SC-OV-3, EFO-21), glioblastoma (LN229, U87), neuroblastoma (IMR-32, SK-N-AS, SH-SY-

5Y). BC cell line MCF7 was used as a positive control for CRABP1 expression. Specificity of anti-CRABP1 and anti-CRABP2 protein anti-

bodies was assessed in the H460 subline derivative overexpressing CRABP1 (H460 CRABP1) or expressing empty vector (H460 pLXSN).

Neuroblastoma cell lines are shown twice in the bottom – with (left)/without MCF7 cells (right) to avoid masking differences in the CRABP

protein expression between the cell lines at the same membrane exposure time in the presence of the strong signal observed for MCF7 cells.
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CRABP2 proteins in the parental cell line H460 lacking

endogenous CRABP1 expression and derivative subline

showing expression of the exogenous CRABP1 (H460

CRABP1) as well as control cells transfected with the vec-

tor lacking specific construct (H460 pLXSN) (Fig. 1). In

particular, it was demonstrated that all derivative cell did

not produce CRABP2 regardless of the CRABP1 expres-

sion, thereby confirming specificity of the antibody-based

detection.

It has been established based on the available infor-

mation that NSCLC, ovarian cancer, and glioblastoma

are considered as RA-resistant cell lines, while neuroblas-

toma as a RA-sensitive. Thus, we confirmed our assump-

tion that sensitivity of the cells to RA is associated with

the level of CRABP1 expression. From the obtained data

we further suggest that some regulatory feedback loop

might exist between the CRABP1 and CRABP2 proteins.

However, both hypotheses should be tested preferably by

using cell lines of the same origin that differ in sensitivity

to RA.

Comparing retinoic acid-sensitivity of various breast

cancer cell lines. An experimental model of breast cancer

was chosen to test the aforementioned hypotheses. On the

one hand, it was due to availability of a large amount of

preclinical data indicating great potential of using RA as

a preventive or therapeutic agent for treating this type of

tumors [23-25].

On the other hand, BC represents a heterogeneous

tumor type both in terms of origin and molecular features

(primarily in estrogen and progesterone receptor expres-

sion as well as HER2/neu profile), which, according to

the literature data also exhibit varying sensitivity to RA

[26, 27]. Data on the level of sensitivity of different BC

cell lines to RA also vary. It must be mentioned that in

different studies different approaches and methods were

used to evaluate sensitivity of the cells to RA as well as dif-

ferent RA concentrations. Hence, in the first step it was

necessary to compare RA-sensitivity of a broad panel of

the BC cell lines under the same conditions in the same

experimental series, and select conditions and threshold

RA level separating RA-sensitive from RA-resistant cells.

We included 9 BC cell lines as well as MCF10A cells

derived from the breast epithelial cells usually used as

apparently normal (non-tumor) cell line. ATRA (All-

Trans-Retinoic Acid, most common and biologically

active RA isoform) sensitivity was analyzed by assessing

cell proliferation dynamics. For this, each cell line was

cultured for 5 days in the standard culture medium (con-

trol) or the medium supplemented with ATRA at varying

concentrations followed by counting the number of live

cells. A range of ATRA concentrations from 0.01 to

100 µM was used. ATRA titration data and analysis of the

live cell count allowed to select ATRA threshold concen-

trations and criteria distinguishing RA-sensitive and RA-

resistant cells. Cell lines were considered as RA-sensitive

if they demonstrated at least 2-fold decline in cell prolif-

eration after incubation with 10 µM ATRA. This group

consisted of the cell lines MCF7, T47D, SKBR3, and

HCC1954 (Fig. 2a). Sensitivity of the cell lines to RA

within the group also varied: the cell lines SKBR3 and

T47D were most sensitive, which showed 2-fold prolifer-

ation decline compared to the control even when ATRA

was used at 0.1 µM concentration. At the same time,

dynamics of cell proliferation in the group consisting of

RA-resistant cell lines (MDA-MB-453, MDA-MB-468,

MDA-MB-231, HCC1937, HBL100, and MCF10A) did

not change after exposure to 10 µM ATRA (Fig. 2b).

Moreover, number of live cells in this group did not

decrease after incubation with 20 µM ATRA. Nonethe-

less, it was possible to distinguish cells lines in the group

of RA-resistant cell lines demonstrating no change in

dynamics of cell proliferation even after being incubated

with 50 µM ATRA (HBL100, MDA-MB-231) versus

those demonstrating reduced cell proliferation at this

ATRA concentration (MDA-MB-453, MDA-MB-468,

HCC1937, MCF10A) compared to the control.

Hence, it can be concluded that RA sensitivity varies

in a broad range, and the threshold level of 1-10 µM

noticeably reduces cell proliferation of the RA-sensitive

cells by at least 2-fold compared to the control that does

not change after that, whereas proliferation of the RA-

resistant cells either remained unchanged or start to

decline only at 50 µM ATRA, i.e., at RA concentration

markedly exceeding physiological level.

Inter-connected CRABP1 and CRABP2 production

in BC cells with CRABP2 serving as a CRABP1 regulator.

Next, we analyzed production of the RA-binding proteins

CRABP1 and CRABP2 in the RA-sensitive and RA-

resistant BC cell lines. The data demonstrated no associ-

ation between the CRABP expression and RA-sensitivity.

In particular, the RA-sensitive cell line SKBR3 was

shown to lack CRABP1, whereas the RA-resistant lines

MDA-MB-453, MDA-MB-468, and HCC1937 showed

high level of this protein expression (Fig. 3a).

Nonetheless, it is worth noting that the most resist-

ant lines MDA-MB-231 and HBL100, proliferation of

which was not much affected even after exposure to

50 µM ATRA, did not produce CRABP1. Hence, RA-

sensitivity of the BC cell lines was either unrelated to

CRABP1 expression or determined by combination of

factors that could involve the state of receptors ER, PR,

HER2/neu and other characteristics. At the same time,

the data obtained with the BC cell lines confirmed our

hypothesis about correlation between the CRABP1 and

CRABP2 protein levels. In particular, all cell lines

exhibiting pronounced CRABP2 expression also demon-

strated high level of CRABP1 production, while those

displaying significantly lower CRABP2 production had

almost undetectable CRABP1 levels, and the cell lines

that lacked CRABP2 production also did not have

CRABP1 expression. We additionally analyzed specificity

of the antibodies by using the MDA-MB-231 cell line
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without endogenous expression of CRABP1 that was

transduced with the CRABP1 coding sequence. As can be

seen in Fig. 3b the overexpressed CRABP1 in the deriva-

tive subline MDA-MB-231-CRABP1 (Fig. 3b) is clearly

detected with the antibodies against this protein, but this

is not accompanied by upregulation of the CRABP2

expression indicating, in particular, selectivity of the anti-

bodies to these proteins.

Taking into consideration the literature data on

CRABP protein expression in the cells originating from
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Fig. 2. Dynamics of the BC cell line proliferation in the presence of ATRA. Cells were exposed to ATRA at different concentrations for five

days followed by calculating percentage of cell survival compared to control (100% cell survival = number of live cells in each cell line cul-

tured for similar time period in the DMEM cell medium supplemented with DMSO at concentrations matching those used to dissolve ATRA).

a) RA-sensitive cell lines demonstrated decreased proliferation (decline ≥50% compared to the control) after incubation with 0.1-10 µM

ATRA. b) RA-resistant cell lines demonstrated decreased proliferation after incubation with ≥50 µM ATRA. Diagrams were plotted by using

mean values from three independent repeats. (Colored versions of Figs. 2 and 5 are available in online version of the article and can be accessed

at: https://www.springer.com/journal/10541)
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other lineage than BC, the data obtained in our study

strongly suggest existence of general correlation between

CRABP1 and CRABP2 proteins that implies mutual reg-

ulation between them. It is important to note that the

absence of CRABP1 was detected together with the low

CRABP2 expression, but not vice versa – no cases of low

CRABP1 expression and lack of CRABP2 production

were observed. It is also important that the overexpressed

Fig. 3. Production of CRABP1 and CRABP2 proteins in the BC cell lines with varying RA-sensitivity. a) Percentage of live cells in each line

were compared with the relevant control (the number of survived cells used as 100%) after incubation with 10 µM ATRA and related

immunoblotting data (below). b) Specificity of anti-CRABP1 and anti-CRABP2 protein antibodies was assessed in the MDA-MB-231 sub-

line derivative overexpressing CRABP1 (MDA-MB-231 CRABP1) or expressing an empty vector (MDA-MB-231 pLXSN).
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CRABP1 in both cases (cell lines H460 and MDA-MB-

231) did not change the level of CRABP2 expression.

Therefore, we suggested that CRABP2 might act as a

CRABP1 regulator.

To test this hypothesis, endogenous CRABP2 expres-

sion was knocked down in the four BC cell lines with

varying RA-sensitivity: RA-sensitive lines MCF7 and

T47D as well as RA-resistant cells MDA-MB-453 and

Fig. 4. CRABP2 knockdown affects CRABP1 production in the BC cell lines. RA-sensitive (MCF7, T47D) and RA-resistant (MDA-MB-

453, MDA-MB-468) BC cell line derivatives expressing short hairpin RNAs against CRABP2 mRNA (sh1CRABP2 and sh2CRABP2). Cell

lines expressing short hairpin RNA against green fluorescence protein mRNA (shGFP) were used in control. Densitometry data from three

independent experiments are presented.
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MDA-MB-468. For this, we applied the RNA interfer-

ence approach by using short hairpin RNA (shRNA) pre-

cursors against CRABP2 and cloning two shRNA

(sh1CRABP2 and sh2CRABP2) sequences into the vector

pLKO.puro to be further transduced into the cells via

lentivirus infection followed by puromycin-based selec-

tion. Efficacy of both shRNA constructs turned out to be

high allowing downregulation of the CRABP2 produc-

tion compared to the control lines expressing shRNA

against green fluorescence protein (shGFP), that accord-

ing to densitometry analysis of immunoblotting data var-

ied in the different cell lines from 1.6 up to 10-fold for

sh1CRABP2 and from 2.5 up to 10-fold for sh2CRABP2

(Fig. 4). Analysis of the CRABP1 production in the

derivative sublines demonstrated markedly lower produc-

tion in all cells with silenced CRABP2 gene (Fig. 4) com-

pared to the relevant control. It suggests that the level of

CRABP1 production is regulated by CRABP2 protein.

Thus, for the first time we demonstrated strong cor-

relation between the expression of proteins CRABP1 and

CRABP2 and elucidated mechanism for such interplay,

wherein CRABP2 protein acts as an upstream regulator

for CRABP1 protein expression. Versatility of this phe-

nomenon demonstrates its biological significance.

CRABP2-driven regulation of CRABP1 production

serves as an additional mechanism for realization of the

retinoic acid intracellular activity.

DISCUSSION

Formation of RA-resistance is one of the major lim-

itations for using RA in clinical practice despite that

development of the RA-based anti-tumor therapeutics

both natural and synthetic has been conducted for a long

time [28]. So far, the mechanisms of emerging RA-resist-

ance remain poorly understood. CRABP1 protein may be

considered as one of the possible participants in the

development of RA-resistance that was proposed based

upon both its potential participation in restricting RA

bioavailability due to its cytoplasmic sequestration and

stimulation of its catabolism by cytochrome Cyp26A1

[18], as well as due to the CRABP1 gene methylation

detected in the tumors [29-33] considered as predomi-

nantly RA-resistant. At the same time, our data show that

this protein in neuroblastoma cells (a classic example of

the RA-sensitive tumors) is expressed at high level, so that

its production correlates with the neuroblastoma differ-

entiation level [34]. Presumably, CRABP1 may safeguard

such RA-sensitive cells from the excessive amounts of

RA. At the same time, a tumor-promoting role of

CRABP1 in some tumors was demonstrated in our work

[22] and others [11, 12, 35, 36], which was potentially

associated with the competitive transport of RA to

CRABP2 protein, a major mediator of the tumor-sup-

pressor RA activity realized through RA delivery to the

nuclear receptors RAR/RXR followed by activated tran-

scription of the pro-apoptotic, pro-differentiation, and

anti-proliferative genes (Fig. 5a). In other words, the

tumor-promoting and tumor-suppressing (in the case of

neuroblastoma) roles of CRABP1 could be related to its

function of limiting RA activity. Perhaps, this fact (vary-

ing RA sensitivity of certain cancer cells) could provide

explanation to the crucial contradictions in the published

data regarding functional importance of CRABP1

(tumor-promoting or tumor-suppressor role) in carcino-

genesis. The data showing a link between CRABP1

expression and receptor-negative BC state [15] that in

turn is often related to RA-resistance in this cancer type

[37-39] may indirectly indicate the CRABP1 involvement

in the development of RA-resistance. We suggest that

CRABP1 may facilitate acquiring of the RA-resistance by

the initially RA-sensitive cells through limiting RA activ-

ity controlling transcription of the RA-sensitive genes.

These limitations become unnecessary in the RA-resist-

ant cells that may cause methylation of the CRABP1 gene.

In this study we compared expression of CRABP1 protein

in the cancer cell lines of various origin for the first time

and found that the tumor cell lines considered as RA-

resistant (three NSCLC, two glioblastoma, and three

ovarian cancer cell lines) lacked CRABP1 production,

whereas in all three neuroblastoma cell lines (RA-sensi-

tive tumors) CRABP1 was detected at quite high levels.

BC is an extremely heterogeneous group of tumors both

in terms of morphology and molecular traits, including

RA-sensitivity. To understand whether direct correlation

between the CRABP1 expression and RA-sensitivity does

exist, we assessed effect of RA on the proliferative activi-

ty in 9 BC cell lines and found a broad range of reactions

to ATRA exposure, so that the cells were well separated

into two group of cell lines with one exhibiting markedly

(at least 2-fold) lower proliferation following exposure to

as low as 1-10 µM ATRA (RA-sensitive) and cell lines

with proliferation unaffected by exposure to 10-20 µM

ATRA (RA-resistant). Comparing CRABP1 production

in these cells revealed no correlation with RA-sensitivity.

Although it should be mentioned that the cell lines show-

ing maximum RA-resistance, which had unaltered prolif-

eration after incubation with ATRA even at concentra-

tion of 50 µM, lacked CRABP1 production. The BC RA-

sensitive cells were CRABP1-positive except SKBR3

cells. Overall, these ambiguous data do not allow con-

cluding on whether CRABP1 is involved or not in the

developing of RA-resistance primarily due to the fact that

multiple potential mechanisms of RA-resistance could

exist as has been suggested in the available publications

[40]. In addition, it should be taken into consideration

the aforementioned breast cancer heterogeneity that may

account for the RA-resistance developing via diverse

molecular scenarios [41].

Discovery of the 100% correlation between CRABP1

and CRABP2 expression is probably the most prominent
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Fig. 5. Potential mechanisms underlying effects of CRABP2 on intracellular CRABP1 protein level. a) Schematic representation of RA func-

tional activity. CRABP2 protein ensures RA nuclear trafficking and its transfer to cognate nuclear RAR receptors. FABP5 protein delivers RA

to the nuclear receptor PPARβ/δ. Formation of the complex between RA and RXR-containing heterodimer receptors stimulates interaction

with retinoic acid response elements (RARE) within the gene promoters as well as recruitment of co-activators and transcription activation.

Similar activity is presumably exerted by CRAPB1 protein, but compared to CRAPB2, it forms no complex with RA receptors – it is believed

that in this case the RA-CRABP1 complex dissociation precedes RA transfer to the nuclear receptors. b) Hypothetic scheme describing

CRABP2-dependent regulation of CRABP1 production. Similar regulation may be realized via the CRABP2-dependent activation of

CRABP1 transcription, CRABP2-dependent stabilization of CRABP1 mRNA involving members from the Hu-protein group (e.g., HuR), as

well as potentially via the negatively regulated proteolytic CRABP1 degradation.
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result of this study. It should be emphasized that such

phenomenon was confirmed in all cancer cell types

regardless of their origin and RA-sensitivity thereby indi-

cating its biological significance. Our data allowed sug-

gesting that production of CRABP proteins is functional-

ly inter-connected so that CRABP2 seems to act as an

upstream regulator. Previously, this issue has not been

investigated. The data presented in a single report exam-

ining both CRABP proteins simultaneously with assess-

ing their functional role demonstrated a rather competi-

tive interaction between CRABP1 and CRABP2 proteins.

It was assumed that CRABP1 limits CRABP2 activity

with regard to RA nuclear activity by sequestering RA in

the cytoplasm [15]. However, it implies functional com-

petition rather than regulating protein quantity. In this

context, it is worth noting our previous data on the corre-

lated mRNA and protein expression of both CRABP1

and CRABP2 in the lung adenocarcinoma samples.

Moreover, the Spearman correlation coefficient peaked

in the high- or middle-grade NSCLCs, but correlation

was absent in the low-grade cancer cells [21]. Indirectly,

it suggests that interplay between the CRABP proteins

exists implying some regulatory mechanism that seems to

be lost during tumor progression and cell dedifferentia-

tion.

The current study confirmed existence of such regu-

latory axis as well as demonstrated that CRABP2 acts as

CRABP1 regulator. So, how such CRABP2-dependent

regulation of CRABP1 activity might occur? Several sce-

narios may be proposed (Fig. 5b).

The first scenario implies directly regulated expres-

sion, when the CRABP2-dependent RA delivery to

nuclear receptors results in upregulated CRABP1 gene

transcription, which promoter carries RA-responsive ele-

ment. Apart from the transcriptional transactivation, a

mechanism of CRABP2-dependent CRABP1 transcript

stabilization may be also suggested, which is based upon

the CRABP2 activity unrelated to RA shown in several

studies and executed via interaction with the members of

the Hu-protein group belonging to the ELAV (embryonic

lethal abnormal vision) RNA-binding proteins. Such

proteins are mainly involved in the post-transcriptionally

regulated gene expression as well as in stabilizing mRNA

and some other RNA types (e.g., microRNA) [42].

CRABP2 apparently targets several proteins from that

group including HuD and HuB [9, 10, 43]. Interaction of

CRABP2 with Hu-proteins results in their subsequent

activation followed by increased production of a whole set

of the regulatory and signaling proteins. Interestingly,

HuR, in turn, facilitates CRABP2 nuclear trafficking,

thereby stimulating its activity to deliver RA to the

nuclear receptors. In addition, it may also be assumed

that the CRABP2-dependent regulation occurs not at the

transcriptional level or post-transcriptionally regulated

mRNA, but rather due to proteolytical degradation of

CRABP1 activated in the absence of CRABP2. The reg-

ulatory mechanisms employed in this scenario have been

shown for the functionally associated or related proteins.

It could be illustrated by the example of flotillin-1 and

flotillin-2, for which it was observed many times that sup-

pression of either of isoforms resulted in the reduced level

of its counterpart [44-46]. All the aforementioned poten-

tial mechanisms will be further investigated and could

provide deeper insights into understanding of the funda-

mental processes underlying retinoic acid intracellular

activity.
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