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Abstract: Despite advances in therapeutic strategies, colorectal cancer (CRC) remains the third cause of cancer-
related deaths with a relatively low survival rate. Resistance to standard chemotherapy represents a major hurdle 
in disease management; therefore, developing new therapeutic agents demands a thorough understanding of their 
mechanisms of action. One of these compounds is ST1926, an adamantyl retinoid that has shown potent antitumor 
activities in several human cancer models. Here, we show that ST1926 selectively suppressed the proliferation of 
CRC cells while sparing normal counterparts, and significantly reduced tumor volume in a xenograft cancer mouse 
model. Next, we investigated the effects of ST1926 in CRC cells and observed early DNA damage, S-phase arrest, 
dissipation of mitochondrial membrane potential, and apoptosis induction, in a p53 and p21-independent manner. 
To address the underlying mechanism of resistance to ST1926, we generated ST1926-resistant HCT116 cells and 
sequenced DNA polymerase α (POLA1), which was reported to be a direct target to the drug’s parent molecule, 
CD437. We identified similar mutations in POLA1 that conferred resistance to ST1926 and CD437. These mutations 
were absent in 5-fluorouracil-resistant HCT116 cells, clearly validating the specificity of these mutations to the lack 
of DNA damage and acquired resistance to ST1926. ST1926 also inhibited POLA1 activity and reduced its protein 
expression levels. Further, in silico analysis of normal and malignant tissue expression data demonstrated that 
POLA1 levels are elevated in CRC cells and tissues compared to normal counterparts as well as to other cancer 
types. Our findings highlight previously uncharacterized mechanisms of action of ST1926 in CRC and suggest that 
elevated POLA1 expression is a pertinent molecular feature and an attractive target in CRC.
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Introduction

Colorectal cancer (CRC) represents a global 
health threat due to its high incidence and mor-
tality rates. Being the third most commonly 
diagnosed cancer and the third cause of can-
cer-related deaths in both men and women, 
CRC is estimated in 2017 to account for around 
50,000 deaths in the United States [1]. 
Standard treatment of CRC is multidisciplinary 
and may include surgery, radiation therapy, and 
chemotherapy [2]. The commonly used antican-
cer drugs in the treatment of CRC include 
5-Fluorouracil (5-FU), among others [3, 4]. 
Despite recent advances in treatment strate-
gies for CRC, the five-year survival rate does 

not exceed 65% [5]. Molecular heterogeneity 
among CRC subtypes affects treatment regi-
men and prognosis [6] and may contribute to 
the poor survival rates of CRC patients. Thus, 
therapeutically effective chemotherapy, accom-
panying or adjuvant to CRC surgery, requires 
the understanding of genetic and epigenetic 
aberrations in tumor formation. Accordingly, 
diagnosis, prognosis, and patient-tailored ther-
apy can be optimized [7]. Targeted therapies 
such as drugs against vascular endothelial 
growth factor or epidermal growth factor recep-
tor (EGFR) are now routinely clinically adminis-
tered alone or in combination with chemothera-
py. To date, these drugs demonstrated improved 
clinical outcome in metastatic CRC patients 
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with combination chemotherapy [8, 9], howev-
er, patients suffer from severe side effects and 
relapse [10]. In addition, patients with KRAS, 
NRAS, or BRAF mutations do not benefit from 
EGFR-targeted therapies [11]. Therefore, the 
development of safe and effective therapies is 
urgently needed to improve five-year survival 
rates and quality of life of CRC patients. 

Retinoids are a class of chemical compounds 
well known for their role as tumor-suppressive 
agents due to their involvement in the regula-
tion of cell proliferation and differentiation in 
embryonic development and adult life [12-14]. 
Retinoids comprise both natural and synthetic 
analogues with vitamin A (retinol) activity. All-
trans retinoic acid (ATRA) is the major active 
metabolite of retinol. ATRA displays pleiotropic 
effects in cellular proliferation, differentiation, 
and cell death [15]. ATRA emerged as a cyto-
differentiating agent and is being used as a 
treatment regimen in combination with other 
drugs for patients with acute promyelocytic leu-
kemia (APL) to date [16, 17]. Interestingly, stud-
ies identified aberrant retinoid-signaling in the 
pathogenesis of CRC where retinol dehydroge-
nase 5 and retinol dehydrogenase-like, two 
enzymes involved in the biosynthesis of retinoic 
acid, were shown to be downregulated in neo-
plastic colon [18]. As a result, natural retinoids 
gained a lot of attention in CRC prevention and 
treatment [19], and were evaluated in many 
preclinical studies but no clinical trials. The rea-
sons can be attributed to their side effects [20] 
and resistance to treatment [19] as observed 
in other solid tumors, namely breast tumor 
[20], or their poorly understood mechanism of 
action [21]. Consequently, synthetic retinoids 
were developed with enhanced specificity and 
reduced toxicity [22, 23]. Of interest, CD437, a 
retinoic acid receptor γ (RAR γ) agonist [24, 25], 
and the CD437-derived adamantyl retinoid 
ST1926 showed promising antitumor activities 
in various hematological and solid malignan-
cies [24, 26-29].

CD437 and ST1926 share common effects by 
inducing early DNA damage, S-phase arrest, 
and apoptosis, trans-activating RARγ or work-
ing independently of RARs, and modulating the 
expression levels of similar genes [30]. In vitro 
studies demonstrated that ST1926 is superior 
to CD437, where sub-micromolar (µM) concen-
trations of ST1926 resulted in substantial 

growth inhibition and apoptosis in different 
tumor models [24, 28]. Later studies reported 
that these sub-µM concentrations could be 
pharmacologically achieved in the plasma of 
mice [31] and humans [32], with a half-life of 
about 2 and 4 hours, respectively. Recently, 
Han et al. identified DNA polymerase α (POLA1) 
as a direct target for CD437 [33]. In fact, 
CD437-resistant CRC cells displayed missense 
mutations in POLA1 primary sequence: C691Y, 
L700S, L764S, I768T, and A772T/D [33]. 
Introducing one of these mutations into CD437-
sensitive CRC cells conferred CD437 resis-
tance [33]. In an attempt to identify ST1926 
molecular targets, Fratelli et al. conducted tar-
get profiling by affinity chromatography coupled 
to mass spectrometry and identified the his-
tone variant H2A.Z as a nuclear target, among 
others [34]. Binding of ST1926 to H2A.Z was 
then confirmed to be direct and reversible by 
surface plasmon resonance analysis under 
saturated and suprapharmacological concen-
trations of ST1926 [34]. Despite these findings, 
the mechanism of action of pharmacologically 
achievable concentrations of ST1926 remains 
largely unknown.

In the present study, we investigated the mech-
anism of action of ST1926 and ST1926-
resistance in CRC models. We showed that 
sub-µM concentrations of ST1926 selectively 
inhibited the proliferation and induced death of 
several human CRC cell lines, but not of nor-
mal-like counterparts. ST1926 significantly 
decreased tumor progression in a xenograft 
CRC mouse model. Mechanistically, we demon-
strated that ST1926 induced early massive 
DNA damage, apoptosis, and reduced both 
POLA1 activity and expression levels. We gen-
erated ST1926-resistant (HCT116-STR) and 
5-FU-resistant (HCT116-FUR) CRC cell lines 
and showed that DNA damage and POLA1 are 
specifically involved in ST1926 mechanism of 
action and acquired drug resistance. Finally, we 
showed that POLA1 levels are elevated in CRC 
cells and tissues compared to normal counter-
parts and to other cancer types.

Materials and methods

Cell lines and culture conditions

The human CRC cell lines HT29, HCT116, and 
LoVo (American Tissue Culture Collection, 
ATCC, Manassas, VA), were cultured in RPMI 
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medium supplemented with 10% fetal bovine 
serum (FBS), 1% sodium pyruvate and 1% peni-
cillin-streptomycin. HCT116 p53-/- and HCT116 
p21-/- cells [35] (kindly provided by Dr. Carlos 
Maria Galmarini, PharmaMar, Madrid, Spain) 
were cultured in DMEM medium supplemented 
with 10% FBS, 1% sodium pyruvate, 1% non-
essential amino acids, and 1% penicillin-strep-
tomycin. The NCM460 cell line (INCELL Cor- 
poration, LLC San Antonio, TX), derived from 
normal colon epithelium were cultured in M3: 
Base medium (INCELL Corporation, LLC) sup-
plemented with 10% FBS. All cells were main-
tained at 37°C, 5% CO2, in a humidified incuba-
tor. HCT116-STR and HCT116-FUR cell lines 
were derived from the parental HCT116 cell line 
by incubating it with increasing concentrations 
of ST1926 (0.05 to 40 µM) and 5-FU (0.1 to 40 
µM), respectively, for a total period of eight 
months.

Drug compounds

All-trans retinoic acid (Sigma R2625) was dis-
solved in dimethyl sulfoxide (DMSO) at a con-
centration of 3.3 × 10-2 M and stored at -80°C. 
ST1926 and CD437 (kindly provided by BIO- 
GEM, Ariano Irpino AV, Italy) were dissolved in 
DMSO at a concentration of 10-2 M and stored 
at -80°C. 5-Fluorouracil (Sigma) was dissolved 
in DMSO at 10-1 M concentration and stored at 
-20°C. ATRA and CD437 were handled under 
yellow light (λ > 500 nm).

Growth assay

Cells were treated for up to three days with the 
indicated concentrations of the drug com-
pounds, or with similar DMSO concentrations 
for control cells. DMSO concentrations never 
exceeded 0.1% and these concentrations did 
not affect the growth of tested cell lines. Cell 
growth was assessed by the use of the Thiazolyl 
Blue Tetrazolium Bromide (MTT) assay (Sigma 
M5655), the formazan crystals were dissolved 
in a solubilization solution (6 M HCL, 10% SDS, 
and 5% isobutanol), and values were deter-
mined colorimetrically using an ELISA reader at 
595 nm. Cell viability was confirmed by the try-
pan blue dye exclusion protocol.

Cell cycle analysis

Control and treated cells were harvested, 
washed with phosphate-buffered saline (PBS) 

and fixed in 80% cold ethanol for at least 1 
hour. Fixed cells were incubated with 200 µg/
ml RNAse A (Roche Diagnostics) for 1 hour and 
then stained with propidium-iodide (PI; 50 µg/
ml) (Sigma). 10,000 cells were analyzed using 
FACSAria flow cytometer (Becton Dickinson) 
and cell cycle distribution was verified using 
FACSDiva software (Becton Dickinson).

Mitochondrial membrane potential analysis

Quantification of mitochondrial membrane dis-
sipation was determined using Rhodamine 
(R123) dye retention (Sigma) as previously 
described [36]. Briefly, cells were collected, 
washed with PBS then with Rhodamine wash 
buffer, and incubated with 5 µM R123 for 45 
minutes at 37°C. Labeled cells were washed 
and fluorescence was analyzed using flow 
cytometry.

Immunoblot analysis

Total proteins were extracted from treated and 
control cells using the 2X Laemmli buffer 
(BioRad). Total cellular proteins (50 µg) were 
loaded onto a 10% SDS-polyacrylamide gel, 
subjected to electrophoresis and immunoblot-
ted with the following antibodies: p53 (sc-126), 
p21 (sc-397), and PARP (sc-7150) from Santa 
Cruz Biotechnology (Heidelberg, Germany), 
γ-H2AX (2577) from Cell Signaling, Danvers, 
MA, POLA1 (31777) from Abcam (Cambridge, 
UK), and GAPDH (MAB5476) (Abnova, Heidel- 
berg, Germany). Secondary antibodies (Santa 
Cruz Biotechnology) were added at room tem-
perature for 2 hours. Proteins were detected by 
enhanced chemiluminescence by exposing the 
membranes to X-Ray films using the X-Omat 
machine (Carestream®). 

TUNEL assay

Apoptosis was assessed by terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine 
triphosphate nick end labeling (TUNEL) assay 
(Roche Diagnostics) according to manufactur-
er’s instructions. 10,000 cells were collected 
and analyzed using flow cytometry as previous-
ly described [26].

Animal studies

Sixteen CD-1 nude mice, female, 4-6 weeks 
old, were obtained from BIOGEM s.c.a.r.l. 
(Ariano Irpino AV, Italy). Animal experiments 
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were conducted while abiding to the regula-
tions and guidelines of Italy and the European 
Union (D. L.vo n°. 26, March 24th, 2014) and the 
NIH Principles of Laboratory Animal Care (NIH, 
publication no. 85-23, revised 1985), and in 
accordance with the official BIOGEM Veteri- 
narian and by the ethics committee “Comitato 
Etico per la Sperimentazione Animale” (CESA) 
of IRGS, BIOGEM. Prior to tumor cell injection, 
mice were anesthetized via isoflurane inhala-
tion and injected subcutaneously into the right 
flank with 5 × 106 HT29 cells. Three days post-
injection, mice were evaluated and subse-
quently divided into two groups of eight animals 
each: control and ST1926-treated group. 
Treatment with ST1926 (15 mg/kg) or vehicle 
(Ethanol:Cremophor® A25:water) was adminis-
tered daily by gavage at a dose of 5 ml/kg three 
days post-injection, for five consecutive days, 
up to three weeks. Treatment was then halted 
for 10 days, and a last oral administration was 
carried out 24 hours before sacrifice. Mice 
were euthanized by isoflurane prior to cervical 
dislocation. Tumor tissues were collected for 
further analysis. Mice were housed in polysul-
fone cages with ad libitum access to water and 
normal diet (GLP 4RF21, Mucedola) under spe-
cific pathogen-free facility at 22°C ± 2°C tem-
perature and 55% ± 15% relative humidity with 
12 hour light:12 hour darkness cycle and 18 ± 
2 changes of air per hour.

Tumor measurements and health status moni-
toring

Mice were daily monitored for signs of morbidi-
ty. Body weight recordings were carried out 
biweekly. Tumor volume (TV) was monitored 
biweekly using Mitutoyo caliper, and was calcu-
lated as TV (mm3) = [length (mm) × width 
(mm)2]/2, where the width and the length are 
the shortest and the longest diameters, respec-
tively. Tumor volume inhibition percentage 
(TVI%) in control versus treated mice was calcu-
lated as: TVI% = 100-(mean TV treated/mean 
TV control × 100). Doubling Time (Dt) was cal-
culated as: Dt = (ln2 x Ti)/[ln(Vi/Vo)], where Ti is 
interval time, Vi is initial volume, and Vo is tumor 
volume at the day of measurement.

POLA1 sequencing

Parental HCT116, HCT116-STR, and HCT116-
FUR cells were resuspended in Trizol for total 
RNA extraction and quantification. One micro-

gram of total RNA was then reverse transcribed 
with the QIAGEN Reverse Transcription Kit. Fifty 
nanograms of the latter cDNA were used as 
template into PCR reactions. Reactions were 
carried out using nine different primer pairs 
covering the POLA1 coding sequences. All sam-
ples were analyzed in duplicate, and the 
obtained PCR fragments were run on agarose 
gels, purified and sent to the GATC Biotech 
Institute (GATC Biotech, European Custom 
Sequencing Centre, Koeln, Germany) for Sanger 
sequencing. Forward and reverse primers that 
were used in the sequencing reactions are 
detailed in the table below. The nucleotide 
sequences obtained for each fragment were 
end-trimmed, overlapped, and compared with 
POLA1 reference sequence (NM_016937) by 
using the publicly available Multiple Alignment 
Server (MUSCLE). The presence of missense, 
non-sense, or silent mutations was determined 
using the correspondent amino acid sequenc-
es, which were obtained by mean of the Expasy 
translate tool.

Primer Name Sequence (5’-3’)
POLA1_1F GCGACGACTCTCTGTCAGATT
POLA1_2F GCAGTGACAAAACCGAACAA
POLA1_3F TTTCTCCCGGATGTCTCTTG
POLA1_4F AATGCCAGAGCTTCCTCAAG
POLA1_5F TCCTGATATCATTGTGGGTCA
POLA1_6F TGTGCCTGACAAGCAGATTT
POLA1_7F TATGGTTGCCTGGGATTTTC
POLA1_8F GTGTCCCAGTGAGCCAGTTT
POLA1_9F GGTTCGGGAACAGATATGGA
POLA1_1R AAACTCCATTGCCCCTGACT
POLA1_2R GGTCCTGTTTCTTTCCCCGTA
POLA1_3R TGACTGAAAGGGAGGCTTTG
POLA1_4R GGCATCTTTCCAGGTGTGTT
POLA1_5R GGCAAAATGCCCATTTCT
POLA1_6R TCCTTTGAGCTCCTGTTTGG
POLA1_7R TCTAAATTGGGTGGGGTCAA
POLA1_8R AGTTTCTCCAGTGCACACTCC
POLA1_9R TCCTGGGATTCCCTTAGGAT

Primer extension assay

To determine whether ST1926 is able to direct-
ly act on POLA1 and inhibit its activity, an in 
vitro primer extension assay was performed as 
described by Han and colleagues with modifica-
tions [33]. CD437, already reported as a direct 
inhibitor of POLA1, was used as a positive con-
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trol. Briefly, the primer extension substrate was 
generated by mixing 100 µl of a 5 M fluorescein 
labeled 15 nucleotide (nt) RNA oligo (5-Fluo- 
rescein-rGrGrArArArGrGrArCrGrArArArCrA-3), 
100 µl of a 7.5 M 25 nt DNA oligo (5-(A)6CC- 
GGTGTTTCGTCCTTTCC-3), and 100 µl of 10X 
reaction buffer (200 mM Tris-HCl, pH 7.8, 100 
mM MgCl2, 20 mM DTT, and 500 mM NaCl). 
The mixture was heated to 75°C for 2 minutes 
and gradually cooled to room temperature. 
Serial dilutions of CD437 and ST1926 were 
first prepared in DMSO, and then diluted in 
water. The final concentrations used were 0, 

0.069, 0.21, 0.62, 1.9, 5.6, 17, 50, and 100 
µM. One microliter of diluted compounds was 
added to 1 unit of the full length POLA1 recom-
binant protein (Creative Biomart, Shirley, NY), 2 
µl of 10 mg/ml BSA, and 0.4 µl of 2.5 mM dNTP 
and pre-incubated at 25°C for 15 minutes. 
Afterwards, 3 µl of the primer extension sub-
strate was added to the mixture. The primer 
extension reaction was incubated at 25°C for 
15 minutes, and then terminated by the addi-
tion of 1 volume of 2X TBE-UREA sample buffer 
(Life Technologies). The reaction products were 
boiled for 2 minutes at 90°C, resolved on a 

Figure 1. ST1926 inhibits the growth of ATRA-resistant human colorectal cancer but not of normal cells, and re-
duces tumor burden in a colorectal cancer xenograft mouse model. A. Effect of ST1926 treatment on cell growth 
of human colorectal cancer cells and their normal counterpart. HT29, HCT116, HCT116 p53-/-, HCT116 p21-/-, and 
LoVo colorectal cancer cells were seeded in 96-well plates at a density of 5,000 cells/well, while the normal-derived 
human colon mucosa cells, NCM460, were seeded at a density of 10,000 cells/well. Cells were treated with the 
indicated concentrations of ST1926 for up to three days, and cell growth was measured in triplicate wells using the 
MTT cell proliferation assay. Results are expressed as percentage of control (0.1% DMSO), and represent the aver-
age of at least three independent experiments ± SEM. B. Experimental scheme for ST1926 treatment. Three days 
after subcutaneous inoculation of HT29 colorectal cancer cells in CD-1 nude female mice, 18-day-treatment was 
initiated. One last ST1926 dose was administered 24 hours before sacrifice. Mice were sacrificed at Day 32. C. The 
effect of ST1926 on the doubling time was calculated at day 32 upon sacrifice and tumor volume inhibition percent-
age (TVI%) in the ST1926 group was calculated compared to the control group. D. The effect of ST1926 on tumor 
volume progression in HT29-inoculated mice was recorded from day 3 to day 32. *P < 0.05, statistically significant. 
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15% TBE UREA gel, and visualized using the 
Fluorescein acquisition program on the Che- 
miDoc XRS (Biorad). 

In silico analysis of POLA1 expression

Expression levels of POLA1 mRNA were evalu-
ated in publicly available datasets comprised of 
colorectal tumors or colon adenocarcinomas 
as well as normal colonic tissues [37, 38]. 
POLA1 expression was also investigated in 
malignant and premalignant (adenoma) lesions 
of the colon and rectum along with normal 
colonic and rectal tissues [39, 40]. The Wilcoxon 
rank-sum test was used to statistically analyze 
differences in POLA1 mRNA between two gr- 
oups and the Kruskal-Wallis test was employed 
for three groups or more. POLA1 expression 
was also assessed in a dataset that included 
malignant solid tumors from eleven different 
organ sites including the colon [41]. Statistical 
analysis of differences in POLA1 expression 
levels between colon adenocarcinomas and 
other solid tumors via multiple comparisons 
was performed using ANOVA and Tukey’s hon-
est significance difference test. P values less 
than 0.05 were considered statistically signifi-
cant. Statistical analyses and generation of 
graphical displays were performed in the R lan-
guage and environment (version 3.2.5).

Statistical analysis

Statistical comparisons were done using 
Microsoft Excel 2010. F-test for equal variance 
was used to check for equal variance followed 
by t-test to compare control and treated groups. 
P values less than 0.05 were considered signifi-
cant. *, **, and ***indicate P values less than 
0.05, 0.01, and 0.001, respectively. For tumor 
volume analysis, Wilcoxon test was used for 
statistical analysis between control and treat-
ment group; differences were considered 
significant only when P values were less than 
0.05. Statistical comparisons for in silico analy-
sis of POLA1 expression were performed as 
described above.

Results

ST1926 inhibits cell growth of ATRA-resistant 
human colorectal malignant cells and reduces 
tumor formation in xenograft mice

We tested the effects of the synthetic retinoid 
ST1926 on the growth and viability of five 

human CRC cell lines, HT29, HCT116, HCT116 
p53-/-, HCT116 p21-/-, and LoVo, as well as the 
human colon cells, NCM460, derived from nor-
mal intestinal mucosa. HCT116 and HT29 cells 
contain wild-type and mutated p53, respective-
ly [42], whereas HCT116 p53-/- and HCT116 
p21-/- cells harbor deleted p53 and p21, respec-
tively [43]. While these CRC cell lines were 
shown to be resistant to ATRA even at 10 µM 
supra-pharmacological concentrations (data 
not shown and available upon request), ST1926 
treatment at sub-µM concentrations resulted in 
growth inhibition in all tested cancer cells as 
shown by the MTT assay (Figure 1A). ST1926-
induced growth inhibition was time-dependent, 
and a threshold of 0.5 µM was noted with com-
parable effects to concentrations up to 3 µM. In 
general, HT29, HCT116, and LoVo tumor cells 
were highly sensitive to ST1926 as growth was 
inhibited by at least 80% at day 3 post-treat-
ment, whereas HCT116 cells with p53 or p21 
knocked down genes were slightly less affect-
ed at similar concentrations (Figure 1A). 
Importantly, the normal-like NCM460 colon 
cells were resistant to ST1926 even at concen-
trations as high as 3 µM (Figure 1A). We have 
selected HT29, HCT116, HCT116 p53-/-, and 
HCT116 p21-/-, to carry out the remainder of our 
mechanistic studies, and have confirmed the 
inhibition of cell viability by ST1926 using the 
trypan blue exclusion assay in these cells (data 
not shown and available upon request). 

We tested for the antitumor effect of ST1926 in 
vivo. We used CD-1 nude mice that were subcu-
taneously injected with HT29 cells. Three days 
later, mice (n = 8) were orally treated with 
ST1926 at a concentration of 15 mg/kg daily 
for five consecutive days, for three weeks, and 
a last dose of ST1926 was administered to 
mice 24 hours before they were sacrificed at 
day 32 (Figure 1B). The control mice (n = 8) 
were treated with the vehicle following the 
same treatment regimen. The tumor volume 
doubling time was six days in the control group 
and was increased to eight days in the ST1926-
treated mice (Figure 1C). Interestingly, ST1926-
treated mice had a tumor volume inhibition of 
48% calculated at 32 days post-cell injection 
(Figure 1C). These results are consistent with 
the observation that tumor volume of ST1926-
treated mice was 30-40% smaller than controls 
as early as 18 days (Figure 1C and 1D). This 
tumor reduction further increased until the ter-
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mination of the experiment at day 32, reaching 
approximately 50% tumor volume inhibition 
(Figure 1D). These results highlight the antitu-
mor potential of ST1926 in CRC in vivo.

ST1926 induces S-phase cell cycle arrest and 
apoptosis in colorectal cancer cells indepen-
dently of p53 and p21 

We investigated the mechanism of ST1926-
induced CRC cell growth inhibition by cell cycle 

analysis. HT29, HCT116, HCT116 p53-/-, and 
HCT116 p21-/- cells were treated with 1 µM 
ST1926 for up to 48 hours. All tested cell lines 
showed an accumulation in the sub-G1 region 
of the cell cycle as early as 24 hours of treat-
ment reaching approximately 35% of the total 
cell population for HT29 and HCT116, and 25% 
for HCT116 p53-/- and HCT116 p21-/- (Figure 
2A). The distribution of cycling cells in the dif-
ferent phases of the cell cycle upon ST1926  

Figure 2. ST1926 induces S-phase arrest and apoptosis in colorectal cancer cells. A. ST1926 treatment causes ac-
cumulation of cells in the sub-G1 region. B. Cell cycle distribution of colorectal cancer cells. HT29, HCT116, HCT116 
p53-/-, and HCT116 p21-/- cells were treated with 0.1% DMSO or 1 μM ST1926 up to two days and stained with 
propidium iodide (50 mg/ml). The sub-G1 percentage presumably indicates apoptotic cells. The sum of G0/G1, S, 
and G2/M phases is a percentage of nonapoptotic cells at days one and two post-ST1926 treatment. Percentage 
cells in the G0/G1 phase are calculated as 100 - (S+G2/M). Results represent the average of three independent ex-
periments (± SEM). C. TUNEL analysis of colorectal cancer cells treated with 0.1% DMSO or 1 μM ST1926 up to two 
days. Histograms are representative of two independent experiments and numbers indicate percentage of TUNEL-
positive cells. D. ST1926 causes PARP cleavage in colorectal cancer cells. Cells were treated with 0.1% DMSO or 
1 μM ST1926 up to two days. Total SDS protein lysates (50 µg/lane) were immunoblotted against PARP antibody. 
Arrow indicates cleaved PARP subunit. Similar trends were observed in three independent experiments. *P < 0.05, 
**P < 0.01, statistically significant. 
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treatment was analyzed and showed S-phase 
arrest in all tested cells (Figure 2B). ST1926 
treatment for 24 hours induced an S-phase 
increase by 114% in HT29, 50% in HCT116, 
115% in HCT116 p53-/-, and 79% in HCT116 
p21-/- cells (Figure 2B). A similar S-phase 
increase was observed in 48 hour-treated cells 
(Figure 2B). The accumulation of ST1926-
treated cells in the sub-G1 phase of the cell 
cycle presumably indicates apoptotic cells. 
Apoptosis was confirmed by the observed 
increase in TUNEL positivity in ST1926-treated 
cells reaching 12%, 48%, 25%, and 22%, for 
HT29, HCT116, HCT116 p53-/-, and HCT116 
p21-/-, respectively at day 2 post-treatment 
(Figure 2C). In addition, PARP cleavage was 
detected in ST1926-treated CRC cells (Figure 
2D). Altogether, these results indicate that 

ST1926 induces S-phase arrest and apoptosis 
in CRC cells independently of p53 and p21 
status.

ST1926 treatment of colorectal cancer cells 
results in dissipation of mitochondrial mem-
brane potential and massive DNA damage 
independently of p53 and p21

To further study ST1926-induced cell death in 
CRC cells, we assessed disturbance in the 
mitochondrial membrane potential as a key 
indicator of apoptosis. Treatment with 1 μM 
ST1926 dissipated mitochondrial membrane 
potential in HCT116, HCT116 p53-/-, HCT116 
p21-/- cells by 47%, 39%, and 36%, respectively, 
and by 10% in HT29 cells (Figure 3A). These 
results are in agreement with the lower TUNEL 
positivity observed in HT29 treated cells com-

Figure 3. ST1926 treatment results in loss of mitochondrial membrane potential and early DNA damage, inde-
pendently of p53 and p21. (A) Dissipation of the mitochondrial membrane potential of colorectal cancer cells by 
ST1926. HT29, HCT116, HCT116 p53-/-, and HCT116 p21-/- cells were treated with 0.1% DMSO or 1 µM ST1926 
for two days, then stained with Rhodamine-123. Accumulation of Rhodamine-123 fluorescent dye was measured 
by flow cytometry, and is represented in histograms showing an overlay of ST1926-treated cells over control cells. 
Results are representative of three independent experiments and numbers indicate percentage of cells with mito-
chondrial dissipation. (B) ST1926 increases the protein levels of p53 and p21, and (C) γ-H2AX in HT29, HCT116, 
HCT116 p53-/-, and HCT116 p21-/- cells. Cells were treated with 0.1% DMSO or 1 μM ST1926 for up to two days. 
Total SDS protein lysates (50 µg/lane) were immunoblotted against p53, p21, and γ-H2AX antibodies. Similar trends 
in protein levels were observed in three independent experiments. All blots were reprobed with GAPDH antibody to 
ensure equal protein loading (B, C).
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Figure 4. ST1926-resistant cells are cross-resistant to CD437 and both compounds inhibit POLA1 activity. A. Effect 
of ST1926 treatment on the growth of human HCT116-STR. ST1926-resistant cells (HCT116-STR) were generated 
by treating the parental cell line with increasing concentrations of ST1926 over a period of eight months. HCT116-
STR cells were seeded in 96-well plates at a density of 5,000 cells/well, and treated with the indicated concentra-
tions of ST1926 for up to three days. Cell growth was assayed in triplicate wells using the MTT assay. Results are 
expressed as percentage of control (0.1% DMSO), and represent the average of three independent experiments ± 
SEM. B. HCT116-STR DNA damage response to ST1926 treatment. Cells were treated with 0.1% DMSO or 1 μM 
ST1926 for up to 24 hours. Total SDS protein lysates (50 µg/lane) were immunoblotted against γ-H2AX antibody. 
Similar trends in protein levels were observed in three independent experiments. Blots were reprobed with GAPDH 
antibody to ensure equal protein loading. C. TUNEL analysis of HCT116-STR cells treated with 0.1% DMSO or 1 μM 
ST1926 up to 48 hours. Results are representative of two independent experiments. D. Effect of CD437 treatment 
on HCT116 and HCT116-STR cell growth. Cells were treated with the indicated concentrations of CD437 for up to 
three days. Cell growth was assayed in triplicate wells using the MTT assay. Results are expressed as percentage 
of control (0.1% DMSO), and represent the average of at least three independent experiments ± SEM. E. Primer 
extension assay was evaluated in the presence of increasing concentrations of ST1926 and CD437 (0.069, 0.21, 
0.62, 1.9, 5.6, 17, 50, and 100 μM). “-” represents the control (DMSO). The activity of POLA1 was determined by the 
detection of primer of a 25-nucleotide product, and a gel representative of two independent experiments is shown.
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pared to the other tested CRC cell lines (Figure 
2C). We measured p53 and p21 protein levels 
in CRC treated cells up to 48 hours. We 
observed a substantial increase in total p53 
protein levels in HT29, HCT116, and HCT116 
p21-/- treated cells while only HT29 and HCT- 
116 upregulated their p21 protein levels upon 
ST1926 treatment (Figure 3B). As expected, 
p53 and p21 protein levels were undetectable 
in HCT116 p53-/- cells (Figure 3B). 

ST1926 has been well-characterized as a geno-
toxic agent that induces early DNA damage in 
various solid tumors [26, 31, 44, 45]. To vali-
date these observations in CRC, gamma-H2AX 
(γ-H2AX) protein levels, sensitive markers of 
DNA damage, were monitored up to 24 hours 
(Figure 3C). ST1926 upregulated γ-H2AX pro-
tein levels as early as 2 hours, in tested cells 
independently of p53 and p21 status (Figure 
3C). DNA damage induction in ST1926-treated 
HCT116 p53-/- and HCT116 p21-/- cells was also 
confirmed by the COMET assay (data not shown 
and available upon request).

ST1926-resistant colorectal cells are resistant 
to CD437 and both compounds inhibit POLA1 
activity 

ST1926 mediates its antitumor activities 
through DNA damage induction, which is 
impaired or delayed upon acquired resistance 
to ST1926 in lung and neuroblastoma cancer 
cells [45, 46]. We generated HCT116-STR by 
culturing the cells in increasing concentrations 
of ST1926 (10-9 to 5 × 10-6 M) for over 8 months. 
HCT116-STR cells were resistant to ST1926 
concentrations that induced substantial cell 
death in the HCT116 parental cells (Figure 4A). 
The HCT116-STR cells displayed an impaired 
DNA damage response to ST1926, as assessed 
by the lack of any detectable γ-H2AX protein 
levels up to 24 hours (Figure 4B). Furthermore, 
treatment of HCT116-STR with 1 μM ST1926 
for 48 hours resulted in 6% TUNEL-positivity 
(Figure 4C) as opposed to 48% in the treated 
HCT116 parental cells (Figure 2C). These 
observations highlight the critical role of the 
DNA damage response in mediating ST1926-
induced apoptosis; yet, ST1926 targets remain 
unknown.

Since ST1926 was developed as an analogue 
to CD437 [24], and CD437 strongly inhibited 

HCT116 proliferation and growth of other CRC 
cell lines (Figure 4D and data not shown and 
available upon request), we evaluated whether 
HCT116-STR were also resistant to CD437. We 
demonstrate that HCT116-STR cells also devel-
oped resistance to CD437 (Figure 4D). These 
data show that resistance mechanisms of the 
two adamantyl retinoids CD437 and ST1926 
are similar thus suggesting comparable targets 
for these agents in CRC cells. CD437 was previ-
ously shown to inhibit POLA1 activity [33], we 
therefore tested whether ST1926 can also 
reduce POLA1 activity using the in vitro primer 
extension assay. We observed that ST1926 
and CD437 abrogated primer extension in vitro 
by POLA1 (Figure 4E). These results suggest 
that ST1926 has a similar mechanism of action 
as CD437 in inhibiting POLA1 activity.

POLA1 is involved in the mechanism of action 
of ST1926

A recent report has demonstrated the involve-
ment of POLA1 in the mechanism of action of 
CD437 as a direct and irreversible inhibitor of 
this enzyme [33]. Mutations in POLA1 prevent 
the binding of CD437 and reduce its anti-prolif-
erative activities on CRC cells, including 
HCT116 [33]. Since HCT116-STR cells have 
developed cross-resistance to CD437, and in 
order to determine ST1926 mechanism of 
action, we have sequenced the full coding 
sequence of POLA1 in HCT116 and HCT116-
STR cells. Interestingly, two missense muta-
tions, T2291C and G2314A, have been exclu-
sively identified in the HCT116-STR cells in 
exon 21 of POLA1 (Figure 5A). In order to verify 
whether this mechanism of resistance is spe-
cific to ST1926, we have generated HCT116 
cells that are resistant to another DNA-
damaging agent, 5-FU, which is the widely used 
drug in the treatment of CRC [4]. While 5-FU 
inhibited HCT116 cell growth in a dose- and 
time-dependent manner, 5-FU concentrations 
up to 40 µM barely reduced the growth of 
HCT116-FUR cells, for up to three days (Figure 
5B). The full coding sequence of POLA1 gene 
was subsequently sequenced in HCT116-FUR 
cells. Using the Expasy translate tool, the 
sequences of POLA1 genes in HCT116, HC- 
T116-STR, and HCT116-FUR cells were trans-
lated and aligned. We noted that the L762S 
and A772T variants found in HCT116-STR 
POLA1 protein, located at 70 and 60 amino 
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acids upstream of the enzyme’s catalytic 
domain, respectively, were absent in the paren-

tal HCT116 and HCT116-FUR cells (Figure 5C). 
These results underscore the specificity of 

Figure 5. HCT116-resistant ST1926 cells exclusively harbor two missense mutations in POLA1. A. Schematic rep-
resentation of POLA1 mutations identified in ST1926-resistant HCT116 cells (HCT116-STR). RNA was extracted 
from HCT116-parental and HCT116-STR cells and reverse transcribed, POLA1 cDNA was sequenced by the Sanger 
method. The panels of DNA sequencing were compared and relevant regions in exon 21 of POLA1 are shown. B. 
Effect of 5-fluorouracil (5-FU) treatment on the growth of HCT116 and 5-FU resistant (HCT116-FUR) cells. Cells were 
seeded in 96-well plates at a density of 5,000 cells/well, and treated with the indicated concentrations of 5-FU for 
up to three days. Cell growth was assayed in triplicate wells using the MTT assay. Results are expressed as percent-
age of control (0.1% DMSO), and represent the average of at least three independent experiments ± SEM. C. DNA 
sequences were translated using the Multiple alignment server (MUSCLE) and protein sequences were compared in 
HCT116, HCT116-STR, and HCT116-FUR cells. Only relevant regions of the sequences are shown. 
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ST1926 mechanism of resistance and most 
importantly highlight a new mechanism of 
action for this drug on POLA1. 

POLA1 levels are decreased by ST1926 and 
are up-regulated in CRC cell lines and tissues 
relative to normal counterparts and other solid 
malignancies

The finding that ST1926 inhibited POLA1 activ-
ity led us to investigate its effect on POLA1 
expression. ST1926 reduced POLA1 protein 
levels in all tested CRC cell lines (Figure 6A). 
These CRC cell lines had higher basal POLA1 
protein levels relative to their normal NCM460 
counterparts (Figure 6B). These results prompt-
ed us to extrapolate the relevance of POLA1 
findings to resected CRC tissues. Using publicly 
available array expression datasets, we first 
probed POLA1 mRNA levels in CRC tumors rela-
tive to normal tissues. POLA1 expression levels 
were significantly elevated in colorectal tumors 
(P = 3.7 × 10-7; [37]) or colon adenocarcinomas 
(P = 0.001; [38]) (Figure 6C). Using publicly 
available cohorts [39, 40], we also interrogated 
POLA1 expression patterns in either premalig-
nant and malignant colon or rectal tissues. This 
analysis demonstrated that POLA1 expression 
levels were significantly elevated in both colon 
and rectal adenomas, as well as in colon carci-
noma, relative to their respective normal tis-
sues (all P < 0.001 of the Kruskal-Wallis test; 
Figure 6C). We next investigated POLA1 expres-
sion in tumors of different lineages and tissues-
of-origin. We statistically analyzed POLA1 
expression in the publicly available cohort by 
Su and colleagues comprised of solid tumors 
obtained from eleven different tissue sites 
including the colon [41]. We noted that POLA1 
expression, among the eleven queried types of 
solid tumors, was highest in colon adenocarci-
nomas (Figure 6D). Specifically, POLA1 expres-
sion levels were significantly higher in colon 
adenocarcinomas relative to carcinomas of the 
bladder, kidney, liver, and ovary (all P < 0.05 of 
ANOVA-Tukey’s test for multiple comparisons). 
Our findings suggest that elevated POLA1 
expression is a pertinent molecular feature and 
attractive target in CRC.

Discussion

Retinoids have been implicated in the regula-
tion of cell proliferation, cell death, and differ-
entiation in embryonic development and adult 

life [12]. Retinoids’ anticancer activities were 
exploited in several types of hematological and 
solid tumors [15, 17, 20]. However, the major 
drawback for the use of ATRA in the clinical set-
ting is its toxic effects and acquired drug resis-
tance [20, 47]. In CRC, natural retinoids, and to 
a lesser extent synthetic ones, were tested in 
several pre-clinical studies, but none reached 
clinical trials. The need for retinoids with more 
potent, specific and safe action became war-
ranted. Of interest, the adamantyl retinoid 
ST1926 [24] is relatively nontoxic, can be 
administered orally [28], and is effective at 
pharmacologically achievable sub-µM concen-
trations [31, 32].

Here, we evaluated the effects of ST1926 in 
the treatment of CRC cancer, and characterized 
its underlying mode of action and drug resis-
tance mechanisms. We showed that sub-µM 
ST1926 concentrations caused cell growth 
arrest and apoptosis in ATRA-resistant CRC 
cells while sparing normal-like colon epithelial 
cells. ST1926 induced massive and early DNA 
damage, S-phase arrest, and apoptosis in CRC 
cells as previously shown in other tumor mod-
els [26, 28-31, 44, 48]. Important ST1926 
treatment decreased the tumor doubling time 
and significantly alleviated tumor burden in a 
xenograft CRC model.

To study ST1926 mechanism of action, we 
observed that ST1926 upregulated the expres-
sion of p53 and p21. However, ST1926 also 
worked independently of those signaling path-
ways in CRC cells, highlighting the clinical rele-
vance of this drug as these tumor suppressor 
genes are commonly deregulated in CRC 
patients [49]. Recently, Han et al. identified 
POLA1 as a direct and irreversible target of 
CD437, the parent molecule of ST1926 [33]. 
The authors used forward genetic strategy to 
show that CD437-resistant HCT116 cells dis-
played missense mutations in POLA1 peptide 
sequence: C691Y, L700S, L764S, I768T, and 
A772T/D. Introducing one of these mutations 
into CD437-sensitive HCT116 cells resulted in 
drug resistance [33]. So far, CD437 and 
ST1926 were shown to exhibit similar antitu-
mor properties, however ST1926 is more bio-
available and potent than CD437 [28, 30, 50]. 
Based on these observations, and since the 
tested CRC cells used in this study are sensitive 
to CD437, we hypothesized that ST1926 may 
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also target POLA1. To address this question, we 
generated HCT116-STR cells through pro-

longed selection in increasing concentrations 
of ST1926. These latter cells had impaired DNA 

Figure 6. POLA1 levels are elevated in colorectal cancer and ST1926 decreases its expression. A. ST1926 reduces 
POLA1 protein levels in colorectal cell lines. Cells were treated with 0.1% DMSO or 1 μM ST1926 for up to two days. 
Total SDS protein lysates (80 µg/lane) were immunoblotted against POLA1 antibody. Similar trends in protein levels 
were observed in two independent experiments. B. POLA1 basal protein levels are elevated in CRC cell lines com-
pared to the normal-like NCM460 cells. Total SDS protein lysates (80 µg/lane) were immunoblotted against POLA1 
antibody. Similar trends were observed in two independent experiments. Blots were reprobed with GAPDH antibody 
to ensure equal protein loading. C. Expression levels of POLA1 mRNA were evaluated in publicly available datasets 
comprised of malignant and premalignant (adenoma) lesions of the colon and rectum along with normal colonic and 
rectal tissues [37-40]. D. POLA1 expression was analyzed in a dataset that included solid tumors from eleven organ 
sites [41]. P values < 0.05 are considered statistically significant.
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damage response and apoptosis upon ST1926 
treatment and displayed cross-resistance to 
CD437. Sequencing of POLA1 in HCT116-STR 
versus the parental cell line revealed two mis-
sense mutations (T2291C and G2314A), corre-
sponding to the residues L764S and A772T, 
respectively. The identified mutations were 
similar to those identified in CD437-resistant 
HCT116 cells [33]. 

To confirm the specificity of the identified muta-
tions in our model, we generated HCT116-FUR 
cells resistant to another commonly used DNA 
damaging agent. Interestingly, no similar muta-
tions were observed in POLA1 sequences of 
HCT116-FUR cells. Altogether, our data sug-
gest that ST1926 may be working similarly to 
CD437 through targeting of POLA1. Importantly, 
we have previously shown that ST1926-induced 
growth inhibition is irreversible [26, 29, 48] 
which may suggest an irreversible binding of 
ST1926 to POLA1 in cancer cells, making this 
drug specific to cancer cells as normal cells 
may be able to repair the DNA damage. We 
have established that ST1926 inhibited POLA1 
activity by blocking primer extension in vitro, 
and reduced its protein levels in treated CRC 
cells. It remains to be determined whether 
ST1926 binds directly to POLA1 and modulates 
mutant variants of POLA1. Here we show that 
POLA1 levels are higher in CRC cell lines and 
tissues compared to their normal counterparts 
which is in accordance with previous studies 
[51, 52]. POLA1 mutations are not known to be 
driver events and are rather passenger muta-
tions that tend to develop later in cancer 
genomes [53]. Indeed, a pan-cancer survey of 
POLA1 mutations in various datasets from the 
cancer genome atlas (www.cbioportal.org; [54, 
55]) demonstrated that variants in the gene are 
common across various tumor subtypes and 
are very likely to be implicated as “passengers” 
in cancer pathogenesis (analysis not shown 
and available upon request). Therefore, POLA1 
mutations do not usually cause cancer but may 
be due to alterations that are acquired during 
drug resistance. The fact that POLA1 is located 
on the X chromosome might explain the reason 
we were successful in generating ST1926-
resistant cells derived from male patients but 
faced difficulties in generating resistant tumor 
cells derived from female ones, as the latter 
harbor two alleles of POLA1. It remains to be 
determined whether POLA1 mutations confer 
drug resistance in other ST1926-sensitive can-

cer cells and to confirm the irreversible and 
direct binding of ST1926 to POLA1. It would be 
valuable to compare the mutational status of 
POLA1 in clinically resistant CRC patients com-
pared to responsive ones, and to study the 
prevalence of these mutations among resistant 
patients. Equally interesting would be to verify 
whether clinical resistance to other DNA dam-
aging agents, may be due to mutations in 
POLA1 and to check the relevance of these 
mutations in cancer patients and their respec-
tive prognosis. 

Resistance to retinoids has been a major hur-
dle in advancing retinoid-based therapy in the 
clinic. Several factors were shown to contribute 
to natural retinoid resistance, namely the high 
expression levels of cytochrome-P450-iso-
form-26 that metabolically inactivates ATRA 
[56], the aberrant RAR signaling pathway [17, 
18], and aberrant epigenetics, which suppress 
retinoid-sensitive genes [57]. Here, we propose 
the development of ST1926 in CRC and other 
ATRA-resistant cancer cells overexpressing 
POLA1 [58]. POLA1 initiates the first 10-20 
base pairs of DNA providing substrate for the 
other DNA polymerases to pursue synthesis 
[59]. This may have major therapeutic implica-
tions, as so far, only the approved antibiotic 
aphidicolin, has been described as POLA1 
inhibitor. However, this latter drug is toxic at the 
working concentrations and its binding to 
POLA1 is reversible [60]. Importantly, ST1926 
is more bioavailable than CD437 and selective-
ly induces cell death at concentrations that 
spare normal as well as human mesenchymal 
and hematopoietic stem cells [48]. Our studies 
support the clinical development of ST1926 in 
diseases associated with aberrant DNA replica-
tion, namely cancer, autoimmune diseases, 
viral, and bacterial infections, and reveal POLA1 
as an attractive target for CRC therapy.
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