Am J Cancer Res 2023;13(12):6011-6025
www.ajcr.us /ISSN:2156-6976/ajcr0153755

Original Article
Induction of resistance to oxaliplatin in
cancer by a microRNA/Fem1B/Glil pathway

Yi-Chen Su*?8, Landon Tyler Metzen*, Leandro Martin Vélez*, Elodie Bournique®, Marcus Seldin®, Rémi
Buisson?, Wei-Wen Kuo?, Chih-Yang Huang?#%¢78 Peter Kaiser!

1Department of Biological Chemistry, University of California, Irvine, California 92697, USA; °Graduate Institute of
Basic Medical Science, China Medical University, Taichung 404, Taiwan; *Department of Biological Science and
Technology, China Medical University, Taichung 404, Taiwan; “Cardiovascular and Mitochondrial Related Disease
Research Center, Hualien Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, Hualien 970, Taiwan; °Center of
General Education, Buddhist Tzu Chi Medical Foundation, Tzu Chi University of Science and Technology, Hualien
970, Taiwan; SDepartment of Medical Research, China Medical University Hospital, China Medical University,
Taichung 404, Taiwan; "Department of Medical Laboratory Science and Biotechnology, Asia University, Taichung
413, Taiwan; 8Graduate Institute of Biomedical Sciences, China Medical University, Taichung 404, Taiwan

Received October 3, 2023; Accepted November 21, 2023; Epub December 15, 2023; Published December 30,
2023

Abstract: Colorectal cancer is among the most common cancers worldwide and a frequent cause of cancer related
deaths. Oxaliplatin is the first line chemotherapeutics for treatment, but the development of resistance leads to
recurrence of oxaliplatin insensitive tumors. To understand possible mechanisms of drug tolerance we developed
oxaliplatin resistant derivatives (OR-LoVo) of the established LoVo cell line originally isolated from a metastatic
colon adenocarcinoma. We compared the microRNA (miRNA) expression profile of the cell pair and found expres-
sion of miR-29a-3p significantly increased in OR-LoVo cells compared to parent cells. In addition, miR-29a-3p was
significantly elevated in tumor tissue when compared to matched surrounding tissue in human, suggesting potential
clinical importance. Ectopic miR-29-a-3p expression induced chemoresistance in a number of different cancer cell
lines as well as colorectal tumors in mice. We further demonstrated that miR-29-a-3p downregulates expression of
the ubiquitin ligase component FEM1B and that reduction of Fem1b levels is sufficient to confer oxaliplatin resis-
tance. FEM1B targets the glioma associated oncogene Glil for degradation, suggesting that increased Glil levels
could contribute to oxaliplatin tolerance. Accordingly, knockdown of GLI1 reverted chemoresistance of OR-LoVo
cells. Mechanistically, resistant cells experienced significantly lower DNA damage upon oxaliplatin treatment, which
can be partially explained by reduced oxaliplatin uptake and enhanced repair. These results suggest that miR-29-
a-3p overexpression induces oxaliplatin resistance through misregulation of Fem1B and Glil levels. TCGA analyses
provides strong evidence that the reported findings regarding induced drug tolerance by the miR-29a/Fem1B axis
is clinically relevant. The reported findings can help to predict oxaliplatin sensitivity and resistance of colorectal
tumors.
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Introduction tion of oxaliplatin for treatment of colorectal
cancer in 2000 resulted in increased overall
Colon cancer is the third most frequent cause patient survival. However, despite good

of death and remains a great health problem response rates, development of drug resis-

despite screening for early detection of lesions
[1]. Oxaliplatin is commonly used for the treat-
ment of colorectal carcinoma [2, 3]. The anti-
neoplastic activity of oxaliplatin is caused by
formation of covalent adducts with DNA, which
prevents DNA replication and transcription, and
ultimately induces cell death [4]. The introduc-

tance followed by recurrence of tumors is a sig-
nificant problem that leads to treatment failure.
Understanding resistance mechanisms and
identification of markers of resistance is there-
fore an important goal to improve treatment
decisions and outcome. Resistance to oxalipla-
tin can be caused by increased drug efflux or
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metabolism, altered DNA repair efficiency, and
changes in the apoptotic as well as necrotic
response [5].

In an effort to evaluate the contribution of miR-
NAs to oxaliplatin resistance in colorectal can-
cer, we used a previously developed cell model
based on LoVo cells, which were developed
from a metastatic colon adenocarcinoma.
Oxaliplatin resistant-LoVo (OR-LoVo) cells were
isolated by successive treatment of the parent
cells with oxaliplatin in tissue culture. This cell
pair was profiled for miRNA expression in previ-
ous work and differential regulation of miR-31-
5p, miR-100-5p, and miR-29a-3p was detected
[1]. In this study we focused on miR-29a-3p. A
predicted target of miR-29a-3p is the evolution-
ary conserved VHL-box protein Feml1B [6].
Fem1B is a substrate recognition subunit of the
Cul2-ubiquitin ligase and has been shown to
target stem-loop binding protein (SLBP) and the
Glioma-Associated Oncogene Homolog 1 (GLI1)
for degradation by the 26S proteasome in
humans [6]. Fem1B is a proapoptotic protein
and its levels have been linked to regulation of
apoptosis in colon cancer cells [7, 8]. More
recently, the ubiquitin ligase Cul2™® and its
substrate Fniplwere identified as the core com-
ponent that coordinates reductive stress
response [9, 10]. Here, we show that increased
expression of miR-29a-3p reduces Femilb lev-
els to mediate resistance to oxaliplatin treat-
ment in colon cancer cells and tumor models.

Materials and methods
Cell culture

LoVo cells were acquired from Bioresource
Collection and Research Center (Hsinchu,
Taiwan) and were cultured in RPMI 1640 medi-
um (Gibco, Carlsbad, CA, USA) with 10% heat-
inactivated fetal bovine serum (FBS; HyClone,
Utah, USA) in humidified air with 5% CO, at
37°C. Cell culture medium was replaced with
fresh media 48 h after sub-culturing. An aliquot
of 3.5 mL Dulbecco’s phosphate-buffered
saline (PBS; GIBCO, Auckland, New Zealand)
was used to wash each 10-cm culture plate.
Finally, fresh RPMI 1640 was placed in each
culture plate (10 mL/plate).

For selection of oxaliplatin resistant cells
(OR-LoVo) 10° LoVo cells were incubated for 12
h before oxaliplatin was added to a final con-
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centration of 15 uM, the determined IC, for
parental cells, for 48 h. The IC_ for the pool of
surviving cells was then determined (=IC, [2])
using an MTT assay. Cells were then plated at
70% confluency and cultured for 12 h before a
second selection with oxaliplatin for 48 h. The
oxaliplatin concentration was increased to the
determine IC_ [2]. Surviving cells were reseed-
ed three times at 70% confluency and selected
with oxaliplatin for 24 h each cycle. Oxaliplatin
was used at the IC_  [2] concentration. Surviving
cells were then cultured in 25 uM oxaliplatin
until no cell death was observed. The surviving
cell population was used as OR-LoVo.

CRISPR-knockout

The lentiCRISPR v2 plasmid (Addgene #52961)
[11] was used to knockout mir-29a-3p. Target
sequences were selected using CRISPR
DESIGN (http://crispr.mit.edu/) [12]. The vector
was digested by using BsmBI (New England
Biolabs), and a pair of annealed oligos was
cloned into the single guide RNA scaffold. The
following sequence was used sgRNA mir-29a-
3p: 5-TAGCACCATCTGAAATCGGTTA-3". CRISPR/
cas9 constructs were transfected into cells
with the BioT reagent (Bioland Scientific LLC),
treated with puromycin (Life Technologies) to
select knockout cell lines, and confirmed by
Western blot.

Lentivirus shRNA knockdown and overexpres-
sion

pSLIK-Hygro and pEN_TmiRc3 plasmids (Add-
gene #25737 and #25748) [13] were used for
inducible expression of miR-29a-3p, and shR-
NAs against FEM1B and GLI1. Human FEM1B
(shRNA), 5-agcgCGCGGATAATATGGAATTTGAG-
TAGTGAAGCCACAGATGTACTCAAATTCCATATT-
ATCCGCAtgcce-3’; human GLI1 (shRNA), 5-agc-
gAAGCCTGAATCTGTGTATGAAATAGTGAAGCCA-
CAGATGTATTTCATACACAGATTCAGGCTCtgcc-3'.
Sequences were designed with design BfuAl
compatible protrusions (lower cased) for clon-
ing into the BfuAl site in pEN_TGmirRc3. The
pSLIK lentiviral construct was then generated
and used to develop stable cell lines with induc-
ible expression of miR-29a-3p, and shRNAs
against FEM1B and GLI1.

Cell viability assay

Cells viability was measured with indicated con-
ditions in 96-well plates containing 100 yL of
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RPMI1640 and 10% FBS. Treatment time was
48 h before 100 uL of CellTiter-Glo® Reagent
was added and the plate shaken on a plate
shaker for 2 min to mix the reagent. Cells were
then incubated at room temperature for 10 min
to obtain steady state luminescent signals,
which was detected on BioTek Synergy HT
Microplate Reader. The Y-axis is labelled as
“cell viability” and refers to the relative number
of cells after 48 h incubation. The number of
cells without oxaliplatin was set to 100% and
used for normalization. A minimum of 3 inde-
pendent experiments were used to calculate
means and standard deviations.

Cell death assay

Cell death induced by oxaliplatin was deter-
mined in LoVo and OR cells using the
CellTox™Green Cytotoxicity assay (Promega)
according to manufacturer's suggestions.
Briefly, LoVo and OR cells were grown in 96-well
plates, in a mixture of cell culture medium and
CellTox™Green Dye (1:1000). Cells were treat-
ed with oxaliplatin from O to 75 uM. Cell death
was determined after 48 h of treatment by
measuring the fluorescence intensity (485/
520 nm excitation/emission) with a microplate
reader. This assay measures membrane integ-
rity. The CellTox™Green is excluded from viable
cells, but enters dead cells to bind DNA, which
significantly increases fluorescence of the dye.
The Y-axis is labelled as “cell death fold” and
refers to the increase in cell death (fluores-
cence) observed upon treatment with oxalipla-
tin after 48 h. Fluorescence of untreated cells
after 48 h incubation was set to “1” for normal-
ization. A minimum of 3 independent experi-
ments were used to calculate means and stan-
dard deviations.

gPCR

RNA was isolated using Quick-RNA™ MiniPrep
Kit (ZYMO RESEARCH, Bentley Cir Tustin, CA)
according to manufacturer’s protocol. First-
strand cDNA for gene expression analysis was
obtained from 5 pg of RNA using random prim-
ers and the PrimeScriptTM 1st strand cDNA
Synthesis Kit (TAKARA, Mountain View, CA)
according to manufacturer’s instructions.
Samples for quantitative reverse transcription
real-time PCR (QPCR) were prepared using the
iQTM SYBR® Green gPCR kit from Finnzymes
(Bio-Rad Laboratories, Hercules, CA). Reaction
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mixes contained 10 uL of master mix, 1 yL of a
6X dilution of cDNA and 10 uM of amplification
primers in a total reaction volume of 20 uL.
GAPDH was used as a constant reference
gene. The qPCR reactions were performed with
iQTM SYBR® Green supermix System (Bio-Rad
Laboratories, Hercules, CA). Each run was com-
pleted with a melting curve analysis to confirm
the specificity of amplification and lack of prim-
er dimers. Calculations were performed using
Genex MacroTM version 1.1 software (Bio-Rad
Laboratories, Hercules, CA).

Wound healing/scratch assay

Cells were grown in RPMI1640 and 10% FBS in
six-well plates. Confluent monolayers were
scratched with a 10 pL sterile micropipette tip,
washed with PBS to remove floating cells, incu-
bated in serum-free medium for 4 h, and finally
move back to serum-containing growth medi-
um. The number of cells in the scratched area
were counted 0, 24 and 48 h after scratching.

Xenograft studies

Eight-week-old nude mice were obtained from
BioLASCO. Mice weighing between 25-32 g
were randomly allocated into 10 groups with 3
mice in each group and 2 tumors each mouse:
1*10° LoVo or OR-LoVo cells were subcutane-
ously injected into nude mice. After a week the
tumors reached an average volume of 80 mm?,
10 nmol of miRNA negative control (miR01102-
1-1, RiboBio, China), mimic (5’-UAGCACCAUCU-
GAAAUCGGUUA-3’), and inhibitor (5-UAACC-
GAUUUCAGAUGGUGCUA-3’) (RiboBio, China)
were directly injected in tumors every 3 days as
indicated. In addition, 1.6 mg/kg of oxaliplatin
was injected itraperitoneal every 3 days after
miRNA injection. The body weight of the mice
was assessed throughout the experiment. The
tumor volumes were calculated based on mea-
surements (width? x length)/2 [14]. The mice
were sacrificed using carbon dioxide overdose
5 weeks after cell injection. All experimental
procedures and protocols were approved by the
Institutional Animal Care and Use Committee
(IACUC), based on institutional and national
guidelines for the care and use of animals. One-
way ANOVA has been used in multiple sets of
comparison analyses. Statistically significant
changes are shown (*P < 0.05, **P < 0.01, and
**%*pP < 0.001).
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Histological analysis

Tumors were washed in 1X PBS, and then fixed
in 10% formalin for 12 h. The prepared tissue
samples were immersed in PBS for 30 min fol-
lowed by 0.85% NaCl for another 30 min.
Samples were soaked in different concentra-
tions of EtOH (70%, 85%, 95% and 100%) for
15, 30, 30 and 30 min, respectively. This pro-
cess was repeated twice to dehydrate samples.
The dehydrated tissue samples were embed-
ded by the following procedure. Samples were
soaked in 100% xylene twice for 30 min, and
then in a solution of xylene and paraffin (v/
v=1/1) for 45 min at 60°C. Finally, samples
were incubated in 100% paraffin three times
for 20 min at 60°C. Embedded samples were
cut to sections (0.5 uym thickness). FEM1B and
GLI1 staining was performed on 10 ym sec-
tions using antibodies from Abcam and Santa
Cruz (Cambridge, UK and TX, USA) incubate at
4°C overnight. The tumor tissue samples were
then stained with R.T.U. VECTASTAIN® Anti-
Mouse 1gG/Rabbit IgG/Goat IgG (Vector
Laboratories, Cat. No. PK-7800) and ImmPACT™
DAB Peroxidase Substrate (Vector Laboratories,
Cat. No. SK-4105) for 20 min according to the
manufacturer’s instructions.

Tissue grinding and cell lysis

The collected tissue from LoVo and OR-LoVo
tumor groups tumors were washed in PBS buf-
fer and about 0.1 g tissue was extracted in 1
mL lysis buffer (20 mM Tris, 2 mM EDTA, 50
mM 2-mercaptoethanol, 10% glycerol, Protease
inhibitor, Phosphatase inhibitor). The mixture
was homogenized for 20 min, 1200 r.p.m. at
4°C in a homogenizer stand with support rod.

Western blotting

Protein samples in 1X loading dye (50 mM Tris-
HCI pH 6.8, 2% SDS, 10% glycerol, 1%
B-mercaptoethanol, 12.5 mM EDTA, 0.02% bro-
mophenol blue) were boiled for 10 min and
separated by SDS-PAGE, before transfer to a
PVDF membrane by semi-dry blotting. The
PVDF membrane was blocked in 5% non-fat
milk TBST (Tris-buffered saline Tween-20),
incubated with the respective antibodies in
TBST/5% milk, washed, and incubated with
secondary antibodies conjugated to peroxi-
dase. Antibody signals were developed as fol-
lows: anti-FEM1B, anti-GLI1 and anti-B-actin
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(Santa Cruz Biotechnology, Dallas, TX, USA).
Anti-C-Caspase-3 (Cell Signaling Technology,
Danvers, MA, USA).

Analyses of DNA damage by immunofluores-
cence

Cells were grown in RPMI1640 and 10% FBS in
six-well plates on cover slips with 15 yM oxali-
platin overnight 37°C. Cells were then incubat-
ed in pre-extraction buffer (10 mM PIPES at pH
6.8, 100 mM NaCl,, 300 mM sucrose, 0.2%
Triton X-100) for 5 min at 4°C, before fixation
using 4% paraformaldehyde, 3% Sucrose in 1X
PBS for 20 min. Cold methanol (-20°C) was
added to complete fixation for 10 min at -20°C.
Samples were incubated in 2 mL of blocking
buffer (2%, BSA and 10% milk in 1X PBS-T) for
30 min. Cells were then incubated with primary
antibody diluted in 1X PBS-T containing 2% BSA
and 10% milk at room temperature for 2 h.
Coverslips were washed three times with PBS-T
before 1 h incubation with the appropriate sec-
ondary antibodies conjugated to fluorophores
(Cy3 or Alexa-488). After three washes with
PBS-T, cells were stained with DAPI. Images
were captured using a Leica DMi8 THUNDER
microscope. For the quantitative fluorescence
analysis of individual cells, pictures of cells
were randomly selected and the level of yH2AX
signal in individual cells was quantify inside of
the DAPI area.

Measurement of intracellular platinum con-
centrations by ICP-MS

LoVo and OR-LoVo cells were grown to 90% con-
fluency in 10 cm dishes. Cells were harvested
using trypsin, and 7.5*10° cells were seeded
into each well of the 6-well plate and cultured in
2.5 ml medium at 37°C in 5% CO,,. On the next
day cells were treated with 15 or 45 yM oxali-
platin in RPMI 1640 medium at 37°C for O, 60,
120, and 240 min. The medium was removed
and cells washed twice in ice-cold PBS before
plates were placed on ice. 215 ul nitric acid
(70%) was added to each well, and samples
incubated overnight at room temperature. The
following day the nitric acid extracted solution
was transferred into Omni-vials and incubated
at 65°C overnight to dissolve cellular debris.
Nitric acid was then diluted with 3 ml of buffer
(0.1% Triton X-100, 1.4% nitric acid, 1 ppb in
H,0) and incubate again at 65°C overnight. A
ThermoiCAPRQ C2 ICP-MS system was used to
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measure the platinum (Pt) element. A Pt stan-
dard (500 ppt, 1 ppb, 2 ppb, 5 ppb, 10 ppb)
was used for quantitation of signals.

Survey of gene expression in TCGA

TCGA Colorectal Cancer (COAD) data was
accessed via UCSC Xena (https://xena.ucsc.
edu/) on August 2, 2022 and used for down-
stream analyses. While no annotations for
MIR29A-3p were observed among the updated
counts matrix, remapping of the transcript from
raw bam files identified potential overlapping
reads for the transcript (ENSGO0000284032)
with an overlapping long non-coding RNA
(LINCOO513). Therefore, in these analyses, the
expression of LINCO0513 was used as a surro-
gate for MIR29A-3p levels. Tumor vs surround-
ing tissue annotations were extracted using
TCGA barcode IDs, where only tumor expres-
sion of LINCOO513/MIR29A-3p was used for
survival curves and differential expression
analyses. Expression categories (high or low)
for MIR29A-3p and FEM1B were assigned
based on relative levels of each gene compared
to the population means. All data was analyzed
using R open source software, where correla-
tions performed from the biweight midcorrela-
tion coefficient and corresponding regression
pvalue (ref: https://doi.org/10.1186/1471-
2105-9-559) Survival curves and analyses
were using R packages ‘survival’ and ‘survmin-
er. Differential expression was performed
using limma and pathway enrichments ana-
lyzed via WebGestalt (ref: https://doi.org/
10.1093/nar/gkx356).

Statistical analysis

The experimental data are shown by mean *
S.E.M.

Results

miR-29a-3p confers oxaliplatin resistance in
cancer cells

We have previously selected oxaliplatin resis-
tant OR-LoVo cells by growing LoVo cells in
oxaliplatin  containing growth media [1].
OR-LoVo cells are significantly more resistant to
oxaliplatin as compared to LoVo cells with the
IC,, changing from about 15 uM to over 60 uM
(Figure 1A). In addition, oxaliplatin induced cell
death was dramatically reduced in OR-LoVo
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cells (Figure 1B). MicroRNA array profiling iden-
tified a few microRNAs with differential expres-
sion in LoVo and OR-LoVo cells [1]. We selected
miR-29a-3p for further evaluation because its
expression was significantly elevated in tumors
compared to matched surrounding tissue
(Figure 1C). Consistent with miR-29a-3p con-
ferring oxaliplatin resistance, miR-29a-3p was
barely detectable in parental LoVo cells, but
expressed at significant levels in OR-LoVo cells
as detected by gPCR (Figure 1D). We next
asked whether miR-29a-3p expression is suffi-
cient to confer oxaliplatin resistance. Ectopic
expression of miR-29a-3p in LoVo cells resulted
in dramatically increased tolerance to oxalipla-
tin and resistance reached the level observed
in OR-LoVo cells (Figure 1E). In contrast, expres-
sion of miR-29a-3p in OR-LoVo cells resulted in
only a subtle additional increase in resistance
(Figure 1E). These results suggest that miR-
29a-3p expression is sufficient to induce drug
tolerance and is a major contributor to oxalipla-
tin resistance in OR-LoVo cells. A similar induc-
tion of resistance to oxaliplatin was also
observed in other cancer cell lines, such as
Hela and ovarian cancer cells TOV-112D
(Figure 1F). In contrast, oxaliplatin sensitivity of
the two breast cancer cell lines tested, MDA-
MB468 and MCF7, was either unaffected or
very modestly suppressed by expression of
miR-29a-3p (Figure 1F). Similarly, oxaliplatin
sensitivity of the K-RAS®* expressing colon
cancer cell line HCT116 was not altered by miR-
29a-3p expression (Figure 1F). These results
demonstrate that miR-29a-3p expression can
induce resistance to oxaliplatin in a variety of
cancer cells with different tissue origin and is
not restricted to colon cancer.

Regulation of Fem1B by miR-29a-3p induces
oxaliplatin resistance

To identify miR-29a-3p targets that mediate
oxaliplatin resistance, we used the miBase tool
[15]. One of the predicted targets, the VHL-box
protein Fem1B, caught our attention, because
it has previously been linked to regulation of
apoptosis in colon cancer [16]. Specifically,
Feml1b has pro-apoptotic properties, and was
proposed to interact with apoptosis-inducing
proteins Fas, tumor necrosis factor receptor-1
(TNFR1), and apoptotic protease activating fac-
tor-1 (Apaf-1) to activate downstream apoptosis
pathways [7, 8]. Consistent with miR-29a-3p
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Figure 1. miRNA-29a-3p confers oxaliplatin resistance to LoVo cells. (A) LoVo and OR-LoVo cells were treated with
different concentrations of oxaliplatin and cell numbers were quantified with the CellTiter-Glo assay after 48 h. Right
panels: IC, determination. (B) As (A), but cell viability was analyzed using the CellTox assay. (C) Relative expression
of mir29a-3p (see methods) in colorectal carcinoma patients from TCGA in tumor (n=329) or matched patient sur-
rounding tissue (n=49). (D) miRNA 29a-3p specifically detected by gPCR in OR-LoVo cells but barely detectable in
parental LoVo cells. (E) LoVo and OR-LoVo cells exogenously expressing miRNA-29a-3p were analyzed as in (A). (F)
Oxaliplatin sensitivity of HeLa, TOV-112D, MDA-MB-468, MCF7, and HCT116 cells with or without ectopic expression
of miRNA-29a-3p was analyzed as in (A).
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Figure 2. Changes in Fem1B levels correlate with oxaliplatin resistance. (A) Correlation structure between relevant
genes mir29A-3p, FEM1B, and GLI1 in the same samples, where color indicates regression coefficient and filled
values show corresponding p-statistics. (B) Fem1B protein levels were determined by Western blotting. Three bio-
logical replicates are shown, which were quantified on the right. (C, D) FEM1B and GLI1 were knocked down in LoVo
(C) or OR-LoVo cells (D) using stable expression of shRNAs. Cells were then treated with oxaliplatin and cell numbers
determined using CellTiter-Glo. Successful knockdown of Fem1B was verified as shown in Figure 3A.

regulating Fem1B we observed a strong nega- observed in surrounding tissue (Figure 2A). No
tive correlation with FEM1B expression only in significant correlation was however observed
tumors, where no significant relationship was with expression of GLI1, a major target of
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Fem1B, possibly due to the predominantly
post-translational nature of Glil regulation by
Fem1B (Figure 2A). Consistent with miR-29a
target predictions, Fem1B protein levels were
significantly lower in OR-LoVo cells as com-
pared to the oxaliplatin sensitive parental cell
line (Figure 2B). These results suggested that
miR-29a-3p may confer oxaliplatin resistance
by downregulation of Fem1B protein levels. This
hypothesis predicts that, like increasing miR-
29a-3p expression, downregulation of FEM1B
using shRNA should increase oxaliplatin toler-
ance in LoVo cell. Consistent with this hypothe-
sis, LoVo cells stably expressing shRNAs
against FEM1B were significantly more resis-
tant to oxaliplatin than the parental cells (Figure
2C). In contrast, expression of shRNAs target-
ing FEM1B in OR-LoVo cells, which already have
reduced Fem1B, had only a subtle effect on
oxaliplatin sensitivity (Figure 2D). These results
demonstrate that Fem1B downregulation
through miR-29a-3p can induce resistance to
oxaliplatin.

Misregulation of the Fem1B ubiquitylation tar-
get Glil confers chemoresistance

Fem1B is a substrate recognition subunit of
the Cul2-ubiquitin ligase and has been shown
to target the Glioma-Associated Oncogene
Homolog 1 (Glil) for degradation by the 26S
proteasome [17]. Accordingly, downregulation
of FEM1B by shRNA expression increased GLI1
levels (Figure 3A). Conversely, overexpression
of FEM1B reduced Glil steady state levels
(Figure 3B). Furthermore, the increased Femi1b
levels also induced an apoptotic program as
indicated by cleaved Cas3 (Figure 3B), which is
consistent with previous studies that described
Fem1B as a proapoptotic protein that regulates
apoptosis in colon cancer cells [7, 8]. We
hypothesized that high levels of miR-29a-3p in
OR-LoVo cells downregulated Fem1b resulting
in elevated Glil levels. Reducing Glil levels in
OR-LoVo cells should therefore reverse oxalipla-
tin resistance in these cells. Indeed, shRNA
based GLI1 knockdown significantly decreased
oxaliplatin sensitivity of OR-LoVo cells (Figure
3C), but had no effect on the parental LoVo
cells (Figure 3D). Consistent with these results,
in vitro wound healing assays demonstrated
increased proliferation potential of OR-LoVo
cells as compared to parental LoVo cells, which
was reversed by knockdown of Glil (Figure 3E
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and 3F). These results suggest that Glil con-
fers chemoresistance in OR-LoVo cells.

Chemoresistant OR-LoVo cells have reduced
DNA damage accumulation

The repair process of oxaliplatin induced DNA
damage involves generation of DNA double-
strand brakes [18]. One of the first steps during
DNA double strand brake repair is the phos-
phorylation of the histone variant H2AX at dam-
age sites to form y-H2AX, which in turn initiates
recruitment of repair proteins [19, 20]. The
extent of DNA damage can thus be visualized
by quantitation of y-H2AX foci [21]. LoVo cells
showed strong y-H2AX staining when cells were
treated with as little as 15 uM oxaliplatin for 48
hours (Figure 4A). In contrast, OR-LoVo cells
required much higher dose of oxaliplatin to
develop phospho-yH2AX marked repair foci
(Figure 4A). A time course of yH2AX staining
comparing the dynamics of repair foci develop-
ment after treatment with 15 pM oxaliplatin
confirmed rapid induction of DNA damage in
LoVo cells, but very little DNA damage in resis-
tant OR-LoVo cells (Figure 4B). This defect is
specific for oxaliplatin treatment, because eto-
poside or H,0, treatment caused a similar
induction of DNA damage in LoVo and OR-LoVo
cells (Figure 4A and 4C).

OR-LoVo cells have reduced intracellular oxali-
platin concentrations and higher capacity to
repair oxaliplatin damage

OR-LoVo cells show a striking resistance to
oxaliplatin, which is also reflected by the low
level of DNA damage these cells experience
upon oxaliplatin treatment (Figure 4). A possi-
ble explanation for the resistance to oxaliplatin
is that OR-LoVo cells can reduce the intracellu-
lar drug concentration by either blocking uptake
or increasing efflux. We therefore measured
the intracellular concentration of platinum by
inductively coupled plasma mass spectrometry
(ICP-MS). Cells were treated with either 15 yM
or 45 uM oxaliplatin and intracellular platinum
was measured 0O, 60, and 240 min after drug
exposure (Figure 5A, 5B). OR-LoVo cells showed
modestly, but significantly reduced intracellular
platinum concentrations as compared to LoVo
cells. However, comparing intracellular plati-
num concentrations with biological effects sug-
gest that additional mechanisms must contrib-
ute to oxaliplatin resistance of OR-LoVo cells.
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Figure 3. Gli1 confers chemoresistance in OR-LoVo cells. (A) LoVo cells treated with shRNA-FEM1B resulted in up-
regulation of Glil levels as determined by Western blotting. (B) OR-LoVo cells were transfected with FLAG-FEM1B
to overexpress FEM1B, which resulted in reduced Glil levels as determined by Western blotting. (C, D) Glil was
knocked-down in OR-LoVo (C) and LoVo cells (D) and sensitivity to oxaliplatin was analyzed using CellTiter-Glo. (E)
Wound healing assay was performed from O to 48 h. Scale bar: 20 uym. (F) The quantitation was determined by
measuring the area of the lesion.

The IC, of LoVo cells for oxaliplatin is about 15 (Figure 1). We measured about 4 ppb of plati-
MM compared to > 60 uM for OR-LoVo cells num in LoVo cells after treatment with 15 yM

6019 Am J Cancer Res 2023;13(12):6011-6025



Induction of oxaliplatin resistance by miR-29-a-3p

A Oxalipalatin

400007
B C 400007
- 30000+
3 -
2 2
2 &
: :
@
20000+
£ E
>
- S
-] - - .
o
100004 = S
P i
c Ll Ll Ll L] L Ll
Q Q < ] Q Q
A8 & & & A &
»* ~ S R S .
¢ & o & o
S o o & @ @
s & & d o
- v v

Figure 4. Chemoresistant OR-LoVo cells have reduced DNA damage accumulation. A. y-H2AX foci were determined
by immunofluorescence following treatment with oxaliplatin at the indicated concentration. Scale bar: 20 ym. B. The
level of y-H2AX intensity was quantified in 300 cells after oxaliplatin treatment from O to 24 h in LoVo and OR-LoVo
cells. C. The intensity of y-H2AX staining was quantified in 1000 cells after treatment with etoposide for 1 h.

oxaliplatin, a concentration that correlates with of intracellular platinum, an intracellular con-
the IC,, for these cells. OR-LoVo cells treated centration more than twice as high as the con-
with 45 uM of oxaliplatin contain about 10 ppb centration that Kills 50% of LoVo cells. Yet, over
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Figure 5. Reduced oxaliplatin uptake and increased recovery from oxaliplatin-induce damage in OR-LoVo cells. (A, B)
Intracellular platinum concentrations were determined by ICP-MS in LoVo and OR-LoVo cells after treatment with 15
UM (A) or 45 uM of oxaliplatin (B). (C) Recovery from oxaliplatin-induced damage was determined by y-H2AX staining
after treatment with 15 uM (LoVo cells) or 45 uM (OR-LoVo cells) oxaliplatin for 3 h over a time period from O to 48

h after oxaliplatin was removed. Scale bar: 20 pm.

70% of OR-LoVo cells survive these oxaliplatin
concentrations (Figures 1 and 5). While there is
a significant reduction in oxaliplatin uptake/
efflux, it can only partially explain the reduced
DNA damage observed in OR-LoVo cells. We
therefore monitored recovery of cells from
oxaliplatin damage to assess repair capacity
(Figure 5C). Cells were treated for 3 h with 15
UM (LoVo cells) or 45 uM (OR-LoVo cells) oxali-
platin to induce DNA damage, which was moni-
tored through y-H2AX foci. The higher dose for
OR-LoVo cells was necessary because 15 yM
oxaliplatin does not induce robust y-H2AX foci
in the resistant cells (Figure 4A). Oxaliplatin
was then removed and y-H2AX foci were fol-
lowed over time. OR-LoVo cells recovered much
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more rapidly than parental LoVo cells suggest-
ing that OR-LoVo cells also acquired a more effi-
cient repair process to eliminate DNA damage
induce by oxaliplatin.

miR-29a-3p mediates oxaliplatin resistance in
colon cancer xenografts

Oxaliplatin chemotherapy is a first-line treat-
ment for metastatic colorectal cancers. We
were therefore interested whether miR-29a-3p
expression affects therapeutic outcomes in
xenograft models. We generated subcutane-
ous tumors by injection of LoVo and OR-LoVo
cells. The tumors maintained the characteris-
tics we have determined in cell culture such
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Figure 6. miRNA-29a-3p mediates oxaliplatin resistance in colon cancer xenografts. (A, B) Glil and Fem1B levels
were determine in three tumors by Western blotting (A, quantitation on the right) or immunohistochemistry (B) in
xenografts generated in nude mice. Scale bar: 20 um. (C) Experimental design for xenograft assays and treatment.
(D) The tumor growth of LoVo cell xenografted in nude mice in five different groups. Treatment was administered
every 3 days from week 1 to 4. (E) The tumor growth of OR-LoVo cell xenografted in five different groups as in (D). (F)
Patient survival curves among all groups corresponding to high or low mir29A-3p and/or FEM1B expression. P-value
quantified using log-rank method comparing FEM1B-high mir29A low individuals to all others. (G) Differential gene
expression in tumors comparing FEM1B High/mir29A low individuals to all others, plotted as a volcano (left) and
corresponding pathway enrichments (right).

that LoVo tumors had very low Glil expression OR-LoVo cells (Figure 6A and 6B). For experi-
but higher Feml1B levels as compared to ments with LoVo tumors, one week after subcu-
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taneous administration of cells, miR-29a-3p
was injected into the tumors and mice were
treated with oxaliplatin in week 2 (Figure 6C).
Similar to our observations in cell culture, eval-
uation of tumor size demonstrated that expres-
sion of miR-29a-3p significantly reduced the
tumor response to oxaliplatin treatment (Figure
6D). Consistent with these findings, tumors
generated with the oxaliplatin resistant OR-LoVo
cell lines, which naturally express high levels of
miR-29a-3p, were resistant to oxaliplatin treat-
ment. However, when anti-miR-29a-3p was
injected into the forming tumor, oxaliplatin
induced complete regression, confirming that
miR-29a-3p plays an important role in oxalipla-
tin resistance in vivo (Figure 6E).

Conservation of miR-29a-3p mechanism in
TCGA

To define which aspects of this novel me-
chanism of miR-29a-3p action persisted in
available human datasets, TCGA COAD data
(ref: https://doi.org/10.1038/nature11252) was
analyzed for patterns of concordance with cell
culture and mouse model data. To assess if the
interaction between miR-29a-3p and FEM1B
we discovered in this study showed relevant
trends in patient data, patients were binned
into groups based on expression (low or high) of
the two genes. Here, patients with high FEM1B
and low miR29a-3p showed significantly better
survival when compared to the 3 other groups
based on expression categories (Figure 6F),
where those with low FEM1B and high miR29a-
3p showed reduced survival. Next, differential
expression was performed on all genes
between high FEM1B/low miR29a-3p express-
ing individuals compared to all others (Figure
6G). Pathway analyses of these genes suggest-
ed various amino acid and lipid metabolism
pathways, as well as growth factor signaling as
differing the most between the two groups.
Collectively, these analyses show that the inter-
action between mir29a-3p and FEM1B and
consequent disease relevance is conserved in
human TCGA data.

Discussion

Colorectal cancer is among the most common
cancers and contributes significantly to cancer
related deaths in the world. Oxaliplatin is widely
used for the treatment of colorectal carcinoma
[22, 23]. Like other platinum-based therapeu-
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tics, oxaliplatin induces DNA crosslinks, which
prevent DNA replication and ultimately induce
cell death [24, 25]. Drug resistance is a com-
mon problem in cancer therapy and aberrant
miRNA expression has been linked to occur-
rence of oxaliplatin resistance [26, 27]. How-
ever, mechanisms of oxaliplatin resistance
have not been described. Here we used the
LoVo colorectal cancer cell model with a derived
oxaliplatin resistant line, OR-LoVo, to gain
mechanistic insight into the causes of oxalipla-
tin resistance. We found that the expression
level of miR-29-3p correlates with resistance,
and that expression of this miRNA is sufficient
to induce resistance to oxaliplatin in cells as
well as animal tumor models. Furthermore,
downregulation of miR-29a-3p in oxaliplatin
resistant cells reverts cells and tumors to the
drug sensitive phenotype of the parental LoVo
cells. We further demonstrated that the pro-
apoptotic ubiquitin ligase component Feml1b
and the transcription factor Glil are likely regu-
lated by miR-29a-3p to modulate drug resis-
tance. Cell culture experiments demonstrated
that reducing Femlb levels using shRNA in
LoVo cells mimics the effect of miR-29a-3p
expression to induce drug resistance. Con-
versely, knockdown of Glil expression in drug
resistant OR-LoVo cells induced oxaliplatin sen-
sitivity. These results suggest a model whereby
miR-29a-3p reduces Femlb expression, which
in turn attenuates Glil degradation resulting in
oxaliplatin resistance.

Oxaliplatin resistance has been linked to miRNA
expression previously. miR-27b, miR-148a, and
miR-326 were significantly increased in plasma
from patients with metastatic colorectal can-
cers with poor therapy response [28]. However,
no functional studies were done to confirmed a
direct effect beyond this correlation. In con-
trast, functional evidence exists for other miR-
NAs. miR-153 was shown to provide resistance
to oxaliplatin in SW480 colon cancer cells [29],
and miR-203 overexpression increased resis-
tance of HT29 cells [30]. Effects of miR-153
and miR-203 were relatively modest compared
to the dramatically increased oxaliplatin toler-
ance we report here for miR-29a-3p. Resistance
to platinum compounds, including oxaliplatin,
can be induced by (a) reduced intracellular drug
concentrations due to increased drug efflux or
decreased uptake, (b) more efficient repair of
platinum induced DNA lesions, and (c) effective
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detoxification [5]. The latter does not seem to
play a major role in therapy resistance in the
clinic. We found that OR-LoVo cells have a sig-
nificantly decreased intracellular platinum con-
centration as compared to LoVo cells, suggest-
ing enhanced oxaliplatin efflux and/or reduced
uptake. However, the reduction in intracellular
oxaliplatin concentration is not sufficient to
explain the significant oxaliplatin tolerance of
OR-LoVo cells. Changes in repair capacity likely
plays an additional role in the resistance mech-
anism. We did observe a rapid loss of y-H2AX
foci in OR-LoVo cells after removal of oxaliplat-
in. In contrast, LoVo cells showed a much slow-
er recovery, indicating that repair potential of
oxaliplatin-induced DNA lesions may be
increased in OR-LoVo cells.

In summary, our study highlights the impor-
tance of miRNAs in therapy resistance in can-
cer and supports the possibility that miR-29a-
3p plays important roles in resistance of
colorectal cancers to the first-line therapeutic
oxaliplatin by controlling Femlb and Glil
levels.
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