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HIPK?2 is a potential predictive marker of a favorable response
for adjuvant chemotherapy in stage II colorectal cancer
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Abstract. Colorectal cancer (CRC) is the third most
frequently diagnosed type of cancer worldwide. Stage II CRC
accounts for ~25% all CRC cases and their management after
surgical resection remains a clinical dilemma due to the lack
of reliable criteria for identifying patients who may benefit
from adjuvant chemotherapy. Homeodomain-interacting
protein kinase 2 (HIPK?2), a multifunctional kinase involved
in numerous signaling pathways, serves several key roles
in cell response to different types of stresses, including
chemotherapy-induced genotoxic damage. In the present
study, immunohistochemistry was performed for HIPK2
on a tissue microarray of primary human tumor samples
from 84 patients with stage II CRC, treated (30 patients) or
not treated (54 patients) with adjuvant chemotherapy, and
sequenced for the TP53 gene, a key HIPK? target in genotoxic
damage response. It was observed that, regardless of the TP53
gene status, a high percentage of HIPK2* cells was associated
with therapeutic vulnerability in stage II CRC, suggesting
a contribution of HIPK?2 to drug-response in vivo. For the
in vitro characterization, HIPK2 was depleted in human CRC
cells by CRISPR/Cas9 or RNA interference. HIPK?2-proficient
and HIPK?2-defective cells were evaluated for their response
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to 5-fluorouracil (5-FU) and oxaliplatin (OXA). The results
revealed that HIPK2 depletion induced resistance to 5-FU and
OXA, and that this resistance was not overcome by brusatol,
an inhibitor of the antioxidant response regulator nuclear
factor erythroid 2-related factor 2 (NRF2), which is frequently
overexpressed in CRC. By contrast, cell sensitivity to 5-FU
and OXA was further induced by brusatol supplementation in
HIPK2-proficient cells, further supporting the contribution of
HIPK?2 in chemotherapy response. Overall, the present results
suggested that HIPK?2 may be a potential predictive marker for
adjuvant-treated stage II CRC and for prospective therapy with
NRF2 modulators.

Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed
type of cancer (38.7 per 100,000 individuals between 2012 and
2016 in the USA), causing more than half a million deaths per
year (1). Stage IT CRC is an early-stage in which the tumor has
not yet spread to lymph nodes or distant sites, and that has a low
risk of recurrence (2). Stage II CRC is a heterogeneous disease
both clinically and biologically and, in view of this hetero-
geneity, the benefits of adjuvant chemotherapy after complete
surgical resection vary widely depending on histopathological
and molecular tumor features (3). Despite multiple clinical
trials and meta-analyses (4), adjuvant chemotherapy in stage 11
CRC remains an area of great controversy. To date, identifying
patients who may benefit from adjuvant therapy is difficult.
The decision is mainly based on the presence or absence of
high-risk features, such as poorly differentiated histology, the
presence of lymphovascular and/or perineural invasion, resec-
tion of <12 lymph nodes, bowel obstruction, local perforation
or positive margins (5). Consensus Molecular Subtypes of
CRC have been proposed based on genome-scale analyses (6),
but CRC cases carrying common driver events can vary mark-
edly in their biology (7). Nevertheless, at the biological level,
stage II CRC represents a valuable in vivo model for studying
the effect of chemotherapy on comparable cohorts of patients
treated or not treated with chemotherapy.
Homeodomain-interacting protein kinase 2 (HIPK?2) is a tyro-
sine-regulated serine/threonine kinase that modulates different
cellular processes, including p53-dependent and -independent
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apoptosis, differentiation and development (8-11). HIPK2 has long
been considered as an oncosuppressor that serves a critical role in
cell-fate determination during development and in the response
to different genotoxic stresses, such as UV, ionizing radiation
and treatment with chemotherapeutic drugs (12-15). Consistent
with this hypothesis, low HIPK2 expression has been observed
in several types of tumor, including thyroid, bladder, breast,
ovarian and esophageal cancer (16-19). As a proof of principle,
HIPK2-knockdown impairs p53-dependent and -independent
response to therapies, and induces chemoresistance, angiogenesis
and tumorigenicity in hepatocellular carcinoma (20), whereas
HIPK2 overexpression promotes cell cycle arrest and/or apop-
tosis, counteracts hypoxia, inhibits angiogenesis and induces
chemosensitivity in esophageal squamous cell carcinoma and
CRC (10,19,21-23). Conversely, other studies have revealed
increased HIPK?2 expression and its association with tumor
progression in tumor samples from patients with pilocytic astro-
cytoma, aggressive meningioma, prostate, cervical and colorectal
cancer (21,24-27). The aforementioned data suggest that HIPK2
may behave differently depending on the cell context or the
tumor histotype; however, the molecular mechanisms need to be
defined. Additionally, the HIPK?2 protein can undergo post-trans-
lational modifications according to its redox state, changing its
activity (28). The recently identified crosstalk between HIPK2
and nuclear factor erythroid 2-related factor 2 (NRF2), a master
regulator of the antioxidant response considered a ‘double-faced’
molecule, revealed for the first time HIPK?2 regulation at the
mRNA level (29), and suggested unexpected pro-survival activity
by the NRF2/HIPK?2/p53 interplay (30-32). NRF2 regulates the
transcription of drug metabolizing enzymes, antioxidant enzymes
and drug transporters that allow cell adaptation and survival in
oxidant stress conditions (33). When transiently activated in early
tumorigenesis steps, NRF2 works as a cytoprotective factor and
is associated with chemoprevention (34). By contrast, sustained
NRF2 activation, as observed in NRF2-overxpressing cancers
including lung cancer and CRC (35-37), is associated with an
unfavorable prognosis (37,38), promotes metabolic activities
that support cell proliferation and tumor growth, and serves a
crucial role in determining drug resistance (34,39). Therefore,
the NRF2 inhibitor brusatol, a natural quassinoid isolated from
a traditional Chinese herbal medicine, Brucea javanica, and
originally employed to treat amebiasis and malaria (40,41), has
been proposed for cancer therapy in combination with current
chemotherapies (42). In particular, it has been demonstrated that
brusatol decreases the levels of NRF2 by ubiquitin-mediated
degradation, impairs the cytoprotective response and sensitizes
a broad spectrum of xenografts and cancer cells, such as lung
adenocarcinoma A549 cells, cervix epithelioid carcinoma HeLa
cells and triple-negative breast cancer MDA-MB-231 cells, to
different chemotherapeutic drugs (43,44).

In the present study, tissue microarray (TMA) from
patients with stage II CRC treated or not treated with adjuvant
chemotherapy, and CRISPR/Cas9-mediated gene editing in
CRC cells were used to address the contribution of HIPK2 in
drug-response and its possible use as a predictive marker.

Materials and methods

Patients. The study group consisted of a retrospective
series of stage II CRC cases (n=84) belonging to a cohort
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of 270 patients with CRC who underwent curative-intent
surgical resection at the IRCCS Regina Elena National
Cancer Institute (Rome, Italy) between January 2000 and
December 2013. The 84 patients with stage II CRC included
in the present study had a median follow-up of 58.46 months
(range, 8-144 months). The follow-up estimated using the
Kaplan-Meier reverse method was 61 months (95% CI,
48-75 months), representing the 5-year period after which
the patients that did not show disease relapse were no longer
included in the follow-up. Tumors were staged according to
the tumor-node-metastasis (TNM) system criteria (45), and
all patients were diagnosed with stage II CRC (T3/T4, NO,
MO). Clinical data were obtained from hospital medical
records. As shown in Table I, 55 patients were males and 29
were females. The median age of the patients at the time of
surgery was 67 years (range, 35-83 years), with 29 patients
<65 and 55 patients >65 years old. Of the 84 patients, 24
were diagnosed with rectal cancer and 60 with colon cancer
(23 patients had right-side colon cancer, 34 had left-side colon
cancer and 3 had transverse colon cancer). Most of the patients
were stage T3 (83%) and grade G2. According to the presence
or absence of =1 high-risk features (T4 tumors, obstruction
or perforation, <13 examined lymph nodes, positive margins,
high-grade tumor, lympho-vascular and/or perineural inva-
sion), 54 patients underwent surgery only and 30 underwent
surgery plus adjuvant chemotherapy (Table II). The study
was approved by the Central Ethics Committee of IRCCS
Lazio (approval no. 1058/18). All patients signed an informed
consent form for their tissues and clinical information to be
used for research purposes based on previous approved study
for tissue banking by the IFO Ethics Committee (July 7th
2003 and subsequent amendments and additions).

TMA construction. For this retrospective cross-sectional
study, the CRC samples were histopathologically re-evaluated
on hematoxylin/eosin stained slides and representative areas
were marked prior to TMA construction. In cases where
informative results on TMA were absent due to missing tissue,
no tumor tissue or unsuccessful staining, the correspondent
routine tissue section was re-analyzed. Two core cylinders
(I-mm diameter) were taken from the CRC samples using a
specific arraying device (Alphelys; Euroclone S.p.A.) and
placed into two separate recipient paraffin blocks. In addition
to tumor tissues, recipient blocks received normal colon tissues
from the aforementioned patients (5 cm from tumor tissues)
as negative controls. Sections (2-ym-thick) of the resulting
microarray blocks were made, transferred to SuperFrost Plus
slides (Menzel-Gléser; VWR International, LLC) and used for
immunohistochemistry (IHC).

IHC. IHC staining on TMA was manually performed using
an anti-HIPK2 rat monoclonal antibody (moAb) 5C6 (46)
[kindly provided by Professor M. Lienhard Schmitz
(Justus-Liebig-University, Giessen, Germany)] diluted
1:50 and incubated at room temperature for 30 min, and
detected using an anti-polyvalent diaminobenzidine staining
system containing both blocking reagent and secondary
antibody (ULTRATEK HRP; ScyTek Laboratories, Inc.)
according to the manufacturer's protocol. Images were
obtained at a magnification of x20 using a light microscope
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Table I. Clinicopathological characteristics of patients with
stage II colorectal cancer (n=84).

Characteristic N %
Age, years

<65 29 35

>65 55 65
Sex

Male 55 65

Female 29 35
Tumor site

Right colon 23 27

Left colon 34 40

Transverse colon 3 4

Rectum 24 29
T stage

T3 71 84

T4 13 16
Grade

Gl 4 5

G2 69 82

G3 11 13
Adjuvant therapy

No 54 64

Yes 30 36

T stage, tumor stage.

Table II. Type of adjuvant therapy administered to patients
(n=30).

Number of

Type of adjuvant therapy treated patients

FOLFOX (folic acid + 5-FU + oxaliplatin)
FOLFOX + Vectibix

FOLFOX + Vectibix + radiotherapy

De Gramont (folic acid + 5-FU)

De Gramont + radiotherapy

Xeloda (capecitabine)

Xeloda + radiotherapy

Not specified®

WO k= O = = O

*Details regarding the administered therapy were missing from the
hospital record. 5-FU, 5-fluorouracil.

(DM2000 LED; Leica Microsystems GmbH) equipped with a
software able to capture images (Leica Application Suite V4,
version 4.8.0; Leica Microsystems GmbH). The percentages
of HIPK?2* cells were evaluated by manually counting =200
cells per sample at high magnification (x40). Evaluation of
the THC results was performed independently by two blinded
investigators.
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Next generation sequencing (NGS). Paraffin-embedded tumor
specimens, fixed for at least 24 h in 10% buffered formalin at
room temperature, were reviewed for histological verification,
as well as to ensure a minimum tumor cell content of 20%.
Genomic DNA was extracted on the QIAcube® platform using
the QIAamp DNA FFPE tissue kit (cat. no. 56404; Qiagen
GmbH) according to the manufacturer's protocol. Library
preparation was performed using an Ion Chef System (Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Briefly, barcoded libraries were generated from 10 ng
of DNA per sample using the Ion Ampliseq Library kit 2.0
and the Ion Ampliseq Cancer Hotspot Panel v2 (both from
Thermo Fisher Scientific, Inc.). Amplified libraries were
quantified using the Qubit 2.0 Fluorometer and the high sensi-
tivity Qubit Assay kit (both from Thermo Fisher Scientific,
Inc.) and combined to a final concentration of 100 pM. TP53
sequencing was performed on an Ion S5 Sequencer using an
Ion 530 Chip and an Ion 530 kit-Chef (all from Thermo Fisher
Scientific, Inc.). In particular, to prepare DNA/RNA samples
for sequencing, the following reagents and conditions were
employed: Ton Ampliseq™ Library kit plus (cat. no. A35907;
Thermo Fisher Scientific, Inc.), Ion Ampliseq™ Cancer
hotspot panel v2 (cat. no. 4475346; Thermo Fisher Scientific,
Inc.), Ion Xpress barcode Adapter 1-16 kit (cat. no. A4471250;
Thermo Fisher Scientific, Inc.), AMPure XP 60 ml Agencourt
(cat. no. A63881; Beckman Coulter, Inc.) and the Ion library
TagMan Quantification kit (cat. no. 4468802; Thermo Fisher
Scientific, Inc.), which was also used to verify the quality/integ-
rity of the processed samples. To prepare the sequencing
library, the following reagents and kits were used (all from
Thermo Fisher Scientific, Inc.): Ton S5™ Chef Solutions (cat.
no. A27754), Ton S5™ Chef Supplies (cat. no. A27755), lon
510™ 520™ 530™ Chef Reagents (cat. no. A34018), Ion 530™
Chip kit (cat. no. A27763), Ion S5™ Sequencing solutions (cat.
no. 27767),Ion S5™ Sequencing reagents (cat. no. 27768). The
loading concentration of the final library for DNA sequencing
was 33 pM. The nucleotide length of sequencing was 200 bp
and the direction of sequencing was paired end. Analysis was
carried out using Ion Torrent Suite™ Software v5.4 and Ion
Reporter™ v5.4 (both Thermo Fisher Scientific, Inc.). The
Torrent Suite™ Software was used to perform initial quality
control, including chip loading density, median read length
and number of mapped reads. The Coverage Analysis plugin
was applied to all data and used to assess amplicon coverage
for regions of interest. Variants were identified by Ion Reporter
filter with a detection threshold of 5% variants. A cut-off
of 200X coverage was applied to all analyses. Only single
nucleotide variants resulting in a non-synonymous amino acid
change or a premature stop codon, and all short indels resulting
in either a frameshift or insertion/deletion of amino acids were
selected. The NGS data have been uploaded at https:/gbox.
garr.it/garrbox/index.php/s/GVmwVDV Yy3FdtZn.

Cells, reagents and transfection. Huoman HCTI116 cells
(kindly provided by Professor Bert Vogelstein (John Hopkins
University School of Medicine, Baltimore, Maryland, USA),
HeLa and HeLLa HIPK2-null cells (47) (kindly provided by
Professor M. Lienhard Schmitz) and RKO cells stably trans-
fected with p-Super-control (Ctrl-i) or p-Super-HIPK2-short
hairpin (sh)RNA (HIPK2-i) (21) [kindly provided by Professor
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Gabriella D'Orazi (University of Chieti, Chieti, Italy)]
were cultured in DMEM-GlutaMAX (HCT116 and HeLa
cells) or RPMI-GlutaMAX (RKO cells) supplemented with
10% FBS, 100 U/ml penicillin and 100 pxg/ml streptomycin
(all from Thermo Fisher Scientific, Inc.) and maintained
in a humid incubator at 37°C in a 5% CO, environment.
Stabilized patient-derived colorectal tumor-initiating cells,
also known as cancer stem cells (CSCs), kindly provided by
Professor Giorgio Stassi (University of Palermo, Palermo,
Italy) and Professor Ruggero De Maria (Universita Cattolica
del Sacro Cuore, Rome, Italy), were cultured as previously
described (48). Cells were X-irradiated with a dose of 20 Gy
using an IBL437C irradiator (CIS Bio International) following
the manufacturer's instructions. Cell death was measured
using the Trypan blue exclusion assay (cat. no. 15250-061;
Thermo Fisher Scientific, Inc.) following the manufacturer's
protocol. The following drugs were used in the present study:
5-fluorouracil (5-FU) and oxaliplatin (OXA) (supplied by the
Regina Elena Pharmacy), and brusatol (cat. no. SML1868;
Sigma-Aldrich; Merck KGaA).

RNA interference was performed using a commercially
available pool of three NRF2-specific small interfering
(si)RNAs (cat. no. sc-37030) and a negative control siRNA
(cat. no. sc-37007) (both from Santa Cruz Biotechnology,
Inc.). HCT116 cells were transfected for 24 h at 37°C with
20 nM siRNA using RNAi-MAX Lipofectamine® (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. After 24 h of transfection, the cells were collected
for subsequent analyses.

Cytotoxicity assay.Cell sensitivity to drugs was quantified using
the Cell Proliferation kit IT (Roche Diagnostics) according to
the manufacturer's protocol. The method is based on the ability
of viable cells to cleave the tetrazolium ring of 2,3-bis(2-met
hoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxyanilide
(XTT) inner salt yielding orange formazan crystals, which
are soluble in aqueous solutions. Absorbance of formazan
was measured at 450 nm and cell viability was expressed
as a percentage of absorbance measured in the treated wells
compared with that in the untreated control wells. HCT116
cells were treated at 37°C for 48 h with 2.5, 5, 12.5, 25, 50,
100 and 200 uM 5-FU and OXA. HeLa cells were treated at
37°C for 48 h with 5, 10, 25, 50 and 100 xM 5-FU and OXA.
RKO cells were treated at 37°C for 48 h with 6.25, 12.5,
25, 50, 100, 200 and 400 uM 5-FU, and 6.25, 12.5, 25 and
50 uM OXA. Briefly, 8,000 cells/well (HCT116, HeLa and
RKO) were seeded in 96-well plates and allowed to recover
for 24 h before drug treatment. The drug concentrations and
incubation times are also indicated in figures and legends. In
combination experiments, brusatol (15 nM for Ctrl-Cas9 cells
and 15 and 40 nM for HIPK2-Cas9 cells) was added 4 h before
other chemotherapeutics. Subsequently, HCT116 Ctrl-Cas9
cells were treated with 1, 2.5, 5 and 10 uM 5-FU and OXA.
HCT116 HIPK2-Cas9 cells were treated with 2.5, 5, 10, 20,
40 and 80 uM 5-FU, and 1, 2.5, 5, 10, 20 and 40 uM OXA.
RKO-Ctrli and RKO-HIPK2i cells were treated with 3,6, 12.5
and 25 uM 5-FU and OXA.

CRISPR-Cas9 genome editing and isolation of knock-out
clonal cells. HCT116 cells were cultured in 6-well dishes to
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reach 60-70% confluence and transfected using Lipofectamine®
LTX reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
with plasmids pX459 pSpCas9(BB)-2A-Puro (cat. no. 62988;
Addgene, Inc.) or pX459 Cas9-HIPK2 single guide (sg)RNA
(5'-GTTCCAACTGGGACATGACTG-3") (kindly provided
by Professor M. Lienhard Schmitz), that targets the second
exon of the HIPK?2 gene affecting the kinase domain (47).
Transfected cells were selected the next day using puromycin
(ICN Biomedicals, Inc.) for 3 days. After selection, cells
were cloned into a 96-well plate, expanded and screened
for HIPK?2 protein expression via western blotting using the
aforementioned anti-HIPK?2 rat 5C6 moAb. Genomic DNA
was isolated from each clone using the Quick-gDNA MiniPrep
kit (Zymo Research Corp.) according to the manufacturer's
instructions. PCR was performed using the GoTaq DNA
polymerase (Promega Corporation) using primers flanking
the edited region of the HIPK?2 gene: HIPK?2 exon 2 (294-753)
forward, 5'"-TGGCCTCACATGTGCAAGTT-3' and reverse,
5'-GCCCCGCTTGCATTATTCTG-3'. The following ther-
mocycling conditions were used: one cycle at 94°C for 3 min,
followed by 40 cycles at 94°C for 3 min, 60°C for 30 sec and
72°C for 30 sec, and a final cycle at 72°C for 7 min. Sanger
sequencing was performed on the genomic DNA PCR prod-
ucts by Eurofins Genomics.

Characterization of allele-specific mutations of HIPK2-Cas9
cells by TOPO TA cloning. To identify the allele-specific
mutations of HIPK?2 present in the HIPK2-Cas9 cells, the
TOPO TA Cloning kit (Invitrogen; Thermo Fisher Scientific,
Inc.) was used to directly insert Taq polymerase-amplified
PCR products amplified from the edited region into the
pcDNA 3.1/V5-His-TOPO vector according to the manu-
facturer's protocol. The TOPO cloning reactions were then
transformed into TOPI10 E. coli competent cells (Invitrogen;
Thermo Fisher Scientific, Inc.). Single colonies were picked,
and the plasmids were isolated by miniprep (Qiagen GmbH).
Restriction analysis using BamHI 10 U/ul and Xhol 10 U/ul
(New England Biolabs, Inc.) was performed to determine the
correct insertion of the PCR product. Correctly inserted clones
were subsequently sequenced and analyzed for the presence
of indel mutations. Nucleotide Blast alignment tool (49) was
used to identify the indel mutations in the HIPK2-Cas9 cells.
Bacterial agar plates were supplemented with 50 pg/ml ampi-
cillin (Sigma-Aldrich; Merck KGaA) and bacterial colonies
were grown in LB broth (Invitrogen; Thermo Fisher Scientific,
Inc.) with ampicillin (Sigma-Aldrich; Merck KGaA).

Reverse transcription-quantitative PCR. Total RNA was
isolated using the RNeasy mini kit (cat. no. 74106; Qiagen
GmbH) according to the manufacturer's protocol. RNA was
reverse transcribed into cDNA using a M-MLTV RTase (cat.
no. 28025-0.13; Invitrogen; Thermo Fisher Scientific, Inc.),
5X First Strand buffer (cat. no. Y02321; Invitrogen; Thermo
Fisher Scientific, Inc.),0.1 M DTT (cat. no. YO0147; Invitrogen;
Thermo Fisher Scientific, Inc.), Primer random P(dN), (cat.
no. 1034731; Roche Diagnostics), RNase OUT 5,000 units
(cat. no. 100000840; Invitrogen; Thermo Fisher Scientific,
Inc.), 100 mM dCTP solution (cat. no. 55083), 100 mM
dTTP solution (cat. no. 55085), 100 mM dATP solution (cat.
no. 55082) and 100 mM dGTP solution (cat. no. 55084) (all
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Invitrogen; Thermo Fisher Scientific, Inc.) for 90 min at 37°C.
For quantitative PCR analysis, mRNA expression levels were
evaluated using Power SYBR-Green PCR master mix (cat.
no. 4367659; Applied Biosystems; Thermo Fisher Scientific,
Inc.) with ABI Prism 7500HT Fast Real-Time PCR System
Detector (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The thermocycling conditions were: one cycle at 50°C
for 2 min; one cycle at 95°C for 10 min; 40 cycles at 95°C
for 15 sec and 60°C for 1 min. Gene expression was quanti-
fied using the 2-4%¢4 method (50). GAPDH was used as the
endogenous reference gene. Primer sequences were as follows:
HIPK?2 forward, 5'-"AGGA AGAGTAAGCAGCACCAG-3' and
reverse, 5S-TGCTGATGGTGATGACACTGA-3'; GAPDH
forward, 5“-TCCCTGAGCTGAACGGGAAG-3' and reverse,
5-GGAGGAGTGGGTGTCGCTGT-3".

Western blotting. Whole-cell lysates were prepared using
RIPA lysis buffer [S0 mM Tris-HCI (pH 8), 150 mM NacCl,
0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40 and 1 mM
EDTA] supplemented with protease-inhibitor mix (Roche
Diagnostics) and Halt Phosphatase Inhibitor Cocktail (cat.
no. 1861277; Thermo Fisher Scientific, Inc.). The extracted
proteins were quantified using the Bio-Rad Protein assay
dye (cat. no. 5000006; Bio-Rad Laboratories, Inc.) and
protein samples (20 ug/lane) were separated via SDS-PAGE
onto 4-12% gels (cat. no. NW04122B0X; Invitrogen;
Thermo Fisher Scientific, Inc.) and then transferred onto
nitrocellulose membranes (cat. no. 1620112; Bio-Rad
Laboratories, Inc.). After blocking with 5% skimmed
dry milk for 1 h at room temperature (cat. no. 170-6404;
Bio-Rad Laboratories, Inc.), membranes were incubated
overnight at 4°C with the aforementioned anti-HIPK?2 rat
moAb 5C6 (1:200), anti-NRF2 rabbit moAb (1:1,000; cat.
no. ab62352; Abcam), anti-heat shock protein 70 (51) mouse
moAb (1:1,000; cat. no. SAB4200714; Sigma-Aldrich;
Merck KGaA), anti-GADPH mouse moAb (1:1,000; cat.
no. sc-32233; Santa Cruz Biotechnology, Inc.), anti-poly
(ADP-ribose) polymerase (PARP) rabbit polyclonal Ab
(1:1,000; cat. no. 9542; Cell Signaling Technology, Inc.),
anti-catalase mouse moAb (H-9; 1:500; cat. no. sc-271803;
Santa Cruz Biotechnology, Inc.) and anti-atubulin mouse
moAb (1:1,000; cat. no. MAB-10285; Immunological
Sciences). Following incubation with anti-mouse (cat.
no. 7076), anti-rabbit (cat. no. 7074) (both Cell Signaling
Technology, Inc.) or anti-rat IgG (cat. no. 31470; Thermo
Fisher Scientific, Inc.) HRP-linked secondary antibodies
(all 1:10,000) for 1 h at room temperature, immunoreac-
tions were detected using an ECL WB Detection System
(cat. no. RPN2209; GE Healthcare). Western blot bands
were quantified using ImageJ v1.47 (National Institutes of
Health).

Statistical analysis. SPSS version 21.0 (IBM Corp.) was
used for statistical evaluations. Data are presented as the
mean + standard error (SE). Cell viability data were statisti-
cally compared using the unpaired Student's t-test. The
association between variables was tested using Pearson's ¥ test
or Fisher's exact test, as appropriate. The maximally selected
Log-Rank statistics analysis was applied to the HIPK?2 (using
5C6 Ab staining) continuous variable in order to estimate the
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most appropriate cut-off values in which the amount of HIPK2
expression is able to divide patients into groups with different
DFS probabilities (52). Survival curves were calculated using
the Kaplan-Meier method and the log-rank test was used to
assess differences between subgroups. P<0.05 was considered
to indicate a statistically significant difference.

Results

High HIPK?2 expression is associated with an improved
prognosis in adjuvant-treated patients with stage Il CRC.
To evaluate the contribution of HIPK2 in chemotherapy
response in humans, HIPK?2 expression was analyzed by IHC
on cancer samples from patients with stage II CRC. After
curative-intent surgical resection of the primary tumors,
30/84 patients were treated with adjuvant therapy according to
the presence of =1 high-risk features (T4 tumors, obstruction
or perforation, <13 examined lymph nodes, positive margins,
high-grade tumor, lympho-vascular and perineural invasion).
The remaining 54 patients were only routinely checked for
tumor recurrence. TMA sections of the 84 stage II CRC
samples were labelled with anti-HIPK2 moAb and scored
based on the number of HIPK2* cells. Consistent with
previous observations (53), TMAs from normal colon tissues
exhibited a low level (<5%) of HIPK2* cells (Fig. 1A). By
contrast, TMAs from tumor samples exhibited a broad range
of HIPK?2 positivity with up to 50% positive cells (Fig. 1A).
The cut-off value >10% of HIPK2* positive cells was statisti-
cally determined (52) and employed to divide the patients
into two groups (HIPK?2 <10 and >10). In the total cohort of
stage II CRC, 32% (27/84) of the cases exhibited HIPK2 >10,
while analyzing the adjuvant-treated (Chemo) and untreated
(No Chemo) subgroups separately, 47% (14/30) of the cases
exhibited HIPK2 >10 in the adjuvant-treated group and 24%
(13/54) in the untreated one (Fig. 1B).

Next, the patients with HIPK2 <10 and >10 were retrospec-
tively evaluated for their 5-year disease-free survival (DFS)
rate. When the total cohort of unselected stage II CRC cases was
analyzed using Kaplan-Meier curves, a complete overlap was
observed between the HIPK?2 <10 and >10 groups (Fig. 1C).
Notably, when the patients were divided in the two subgroups
of adjuvant-treated and untreated cases, the following was
observed: In the adjuvant treated group, an improved prog-
nosis was observed in the HIPK2 >10 group compared with
in the <10 group (Fig. 1D), while in the untreated group, an
improved prognosis was observed with HIPK2 <10 compared
with >10 (Fig. 1E). Although a statistically significant differ-
ence was not reached due to the small number of patients in
the subgroups, the divergent curves suggest an association
between a high percentage of HIPK2* cells and an improved
response to therapy.

HIPK?2-associated response to adjuvant therapy is indepen-
dent of the TP53 gene status. A major target of HIPK2 in cell
response to different types of stress is the tumor suppressor
p53 (8-10). Mutations of the TP53 gene induce resistance to
therapy in in vitro and in vivo models, as well as in patients with
cancer (54,55). Thus, the present study investigated whether the
aforementioned results may be associated with an enrichment
in wild-type TP53 gene status in patients with a more favorable
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Figure 1. HIPK2 expression in patients with CRC. (A) Representative images of immunohistochemistry analyses with anti-HIPK2 moAb performed on NT
colon tissue and CRC biopsies. Tumor samples are representative of HIPK2 <10 and >10 expression. Scale bar, 50 ym. (B) Total patients with stage II CRC
(n=84) were stratified based on HIPK2 expression (<10 and >10). Next, patients were subdivided into adjuvant-treated (Chemo) and untreated (No Chemo)
cases. The ‘n” within the columns indicates the number of patients belonging to the respective group. (C) DFS evaluated by Kaplan-Meier curves on the panel
of 84 patients with stage II CRC stratified based on HIPK2 expression. DFS evaluated by Kaplan-Meier curves stratified based on HIPK?2 expression on the
panel of (D) 30 treated patients (Chemo) and (E) 54 untreated patients (No Chemo) with adjuvant chemotherapy. NT, non-tumor; CRC, colorectal cancer;

HIPK?2, homeodomain-interacting protein kinase 2; DFS, disease-free survival.

prognosis. The TP53 gene was sequenced by NGS in all 84
tumor samples. In the total cohort of stage II CRC, TP53 muta-
tions were detected in 38% (32/84) of cases (Fig. 2A). Similar
percentages were maintained among adjuvant-treated and
untreated patients, with mutations detected in 33.3% (10/30) and
40.7% (22/54) of cases, respectively (Fig. 2A). Next, the present
study analyzed whether there was an association between
HIPK2 expression and the TP53 gene status. The percentage of
cases with T7P53 mutations was 35% (20/57) in the HIPK?2 <10
subgroup and 44% (12/27) in the HIPK?2 >10 group (Fig. 2B).

This trend was maintained when the adjuvant-treated and
untreated groups were subdivided in the HIPK?2 <10 and >10
subgroups (Fig. 2C), indicating that the association between
a high percentage of HIPK2* cells and improved response to
therapy may be independent of the TP53 gene status.

Generation of HIPK2-null HCT116 CRC cells. To investigate
the contribution of HIPK2 in chemotherapy response in CRC
cells, the expression levels of endogenous HIPK?2 were first
evaluated in different CRC cells, including patient-derived
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CSCs, via western blotting. As shown in Fig. 3A, HIPK2
protein expression was detected in all cell lines and slightly
increased after irradiation (used as a genotoxic stress to
detect the activation of HIPK?2) (14) in three out of seven cell
lines (HCT116, CSC1 and RKO). Next, the CRISPR/Cas9
technology was used to generate HIPK2-null HCT116 CRC
cells. HCT116 cells were transfected with the Cas9-control
plasmid (HCT116°™¢%) or the Cas9-HIPK2 sgRNA plasmid
carrying a sgRNA targeting the second exon of the HIPK?2
gene (HCT116WPK2C%) (Fig, 3B). After puromycin selection,
single-cell clones were expanded and screened for HIPK2
protein expression via western blotting. Compared with the
HCT116°-¢ cells, the HIPK?2 specific band of 130 kDa was
not detectable in the HCT116MPK2Ca9 ¢cells (Fig. 3C). As a
further control, the genomic DNA from each clone was isolated
and amplified using PCR with primers flanking the edited
region in the HIPK?2 gene, within exon 2. The PCR products
were verified by Sanger sequencing to determine the precise
editing that occurred in each clone. From the sequencing
analysis, it was confirmed that a frameshift mutation within
exon 2, leading to a premature stop codon, was present in both
HIPK?2 alleles of HCT116MP%2-C9 celg (Fig. S1).

HIPK2-knockout induces resistance of CRC cells to 5-FU
and OXA. 5-FU and OXA are frequently used in the treat-
ment of CRC, including stage II cases (56). To investigate
the contribution of HIPK2 in the sensitivity of CRC cells to
these drugs, HCT116"-¢** and HCT116%PX*€29 ¢cells (herein
Ctrl-Cas9 and HIPK2-Cas9 cells) were treated with increasing
concentrations of 5-FU or OXA and cell viability was assessed
using XTT 48 h post-treatment. The results revealed that,
compared with Ctrl-Cas9 cells, HIPK2-knockout significantly
decreased cell sensitivity to both drugs (Fig. 4A). Similar
results were obtained with Ctrl-Cas9 and HIPK2-Cas9 HeLa
cells (Fig. S2A) and CRC RKO cells stably transfected with
an HIPK2-specific shRNA (21) (Fig. S2B), indicating that the
drug resistance induced by HIPK?2 depletion is not cell-specific
and independent of the gene-depletion method.

Next, the number of dead cells after 48 h of treatment
was evaluated. As expected, a dose-dependent increment in
cell death was observed in the Ctrl-Cas9 cells; by contrast,
no increase in cell death was observed in the HIPK2-Cas9
cells (Fig. 4B). These results were confirmed by PARP
cleavage analysis. As shown in Fig. 4C, PARP cleavage was
clearly detectable in Ctrl-Cas9 cells in the presence of either
drug, whereas it was scarcely detectable in HIPK2-Cas9
cells, even though they had been treated with higher doses of
OXA and 5-FU than control cells due to their drug-resistance.
Consistently with previous data (10), the present results
revealed that HIPK2-knockout induced resistance to 5-FU and
OXA in HCT116 CRC cells.

Chemoresistance induced by HIPK2-knockout is not over-
come using the NRF2 inhibitor brusatol. Sustained activation
of NRF2 contributes to chemoresistance in different types of
human cancer, including CRC (57,58), and NRF2 inactivation
by brusatol sensitizes several cancer cells to different chemo-
therapeutic drugs, such as CRC cells to Adriamycin or lung
cancer cells to cisplatin (30,43,44). Therefore, brusatol was
used in combination with 5-FU and OXA to assess the effect
in the current cellular system. It was revealed that brusatol
decreased the protein expression levels of NRF2 in HCT116
cells in a dose-dependent manner (Fig. SA). Subsequently,
the effect of brusatol alone was analyzed to identify a dose
that did not affect cell survival on its own. Ctrl-Cas9 and
HIPK2-Cas9 HCT116 cells were treated with increasing
concentrations of brusatol (15-100 nM), and cell viability
was assessed using XTT. The results revealed that viability
in Ctrl-Cas9 cells was significantly decreased in response
to doses of brusatol >20 nM, while HIPK2-Cas9 cells were
insensitive to brusatol even at the highest tested concentra-
tion (100 nM; Fig. 5B). Thus, a brusatol dose of 15 nM that
did not affect cell viability in Ctrl-Cas9 cells was employed
for combination experiments. Due to the observed brusatol
resistance, HIPK2-Cas9 cells were also treated with a higher
dose (40 nM). After 4 h of brusatol treatment, Ctrl-Cas9 and
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HIPK2-Cas9 cells were treated with increasing concentra-
tions of 5-FU and OXA and analyzed using XTT. It was
observed that brusatol significantly increased cell sensitivity
to both drugs in HIPK2-proficient cells (Fig. 5C). However,
no significant effect was induced by brusatol treatment, even
at the 40 nM dose, in HIPK2-Cas9 cells (Fig. 5D), indi-
cating that brusatol did not overcome the resistance to 5-FU
and OXA in HIPK2-knockout cells. Similar results were
obtained using the Ctrl-i and HIPK2-i RKO cells (Fig. S3),
excluding the possibility of cell-specificity and depletion
strategy-specificity. Next, to explore the potential mecha-
nism of this divergent response to brusatol, the present study
analyzed whether the recently described transcriptional
regulation of HIPK2 by NRF2 (26) was also detectable in
HCT116 cells. It was found that NRF2 depletion by RNA
interference resulted in repression of HIPK?2 expression
both at the protein (Fig. SE) and mRNA (Fig. 5F) levels,
confirming the NRF2-mediated transcriptional regulation of
HIPK2. Additionally, a constitutive decrease in the expres-
sion levels of NRF2 and its transcriptional target, catalase,
was observed in HIPK2-Cas9 cells (Fig. 5G). This high-
lighted a crosstalk between NRF2 and HIPK2, suggesting
that brusatol may be ineffective in HIPK2-Cas9 cells due to
the already decreased expression levels of NRF2. Overall,
the present data suggested that HIPK2 may be required for
the chemotherapy sensitization induced by brusatol.

Discussion

Stage II CRC is an early-stage CRC with a low risk of recur-
rence. While therapeutic strategies for the more advanced CRC
stages III and IV are standardized, those for stage II remain
questionable (5). Intense efforts have focused on developing
molecular biomarkers useful as prognostic factors for identi-
fying stage II patients at increased risk of disease recurrence,

but not for predicting whether stage II patients would truly
benefit from adjuvant chemotherapy (3).

Since HIPK?2 is a key player in the cellular response to
different DNA damage-inducing stimuli, including genotoxic
drugs, it is consequently involved in the response of tumor
cells to chemotherapy (10,59). The present study analyzed
the role of HIPK?2 in response to chemotherapy and assessed
its predictive role on DFS of patients with stage II CRC.
Despite limitations due to the small sample size that did not
allow to obtain statistically significant differences, the 5-year
DEFS curves displayed two opposite trends in adjuvant-treated
and untreated subgroups. In the untreated subgroup, a
high percentage of HIPK2* cells in the tumor samples
(HIPK?2 >10) was associated with a lower DFS time than in
those with HIPK2 <10. By contrast, HIPK?2 >10 cases in the
adjuvant-treated subgroup exhibited a higher DFS time than
the HIPK?2 <10 cases. The current data are consistent with
the pro-apoptotic and chemosensitivity functions of HIPK?2
reported in several types of cancer cells in vifro and in xeno-
grafts, such as esophageal squamous cell carcinoma cells (19).
These data suggest that HIPK2 may work in a similar manner
in experimental systems and at least in early stage CRC.
Furthermore, the present study generated HIPK2-null HCT116
CRC cells using the CRISPR/Cas9 technology and assessed
their sensitivity to 5-FU and OXA.

Conflicting roles of HIPK?2 have been described in relation
to cancer, implicating a tumor-specific and context-dependent
activity of HIPK?2, as well as suggesting that it may work as a
versatile protein, which in turn acts as a fine-tuner of different
signaling pathways (60). For instance, a redox-regulated
HIPK?2 acetylation may restrict its pro-apoptotic activity (28).
HIPK?2 may regulate the same target differently, including
the oncosuppressor p53, depending on the cellular context
and type, as well as on the stimulus intensity (28). In addi-
tion, mutations in the TP53 gene contribute to both cancer
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development (61) and resistance to cancer therapy (62). Thus,
the present study investigated whether the TP53 gene status
could explain the different outcomes between adjuvant-treated
and untreated subgroups. No enrichment of the wild-type
TP53 gene was observed in the best chemo-responding
subgroup. By contrast, a mild, although not statistically
significant, accumulation of 7P53 mutations was observed in
adjuvant-treated patients with HIPK2 >10 and a more favor-
able prognosis, suggesting that the drug sensitivity in cells
expressing high HIPK?2 expression may be independent of the
TP53 gene status.

Since the TP53 status did not explain the difference in
drug sensitivity, Ctrl-Cas9 and HIPK2-Cas9 HCT116 cells
were used to evaluate the possible contribution of the cyto-
protective factor NRF2. This hypothesis stems from different
considerations, including the constitutive activation of NRF2
in CRC, the role of NRF2 in tumor progression and drug resis-
tance (58), and the recently identified pro-survival crosstalk

between NRF2 and HIPK2 (29). NRF?2 is considered a poten-
tial therapeutic target for improving chemotherapy sensitivity
of cancer cells (63), and the NRF2 inhibitor brusatol has
been demonstrated to possess biological activity in various
types of cancer, including CRC (64), and to improve their
chemotherapeutic response (30). The previously reported
brusatol-mediated repression of NRF2 expression (43) and
the NRF2-mediated transcriptional regulation of HIPK2 (29)
were confirmed in the present study. Notably, when brusatol
was used in combination with 5-FU and OXA, increased
chemosensitivity was only observed in the HIPK2-proficient
cells, while no effect was detected in the HIPK2-null cells,
which exhibited decreased NRF2 expression, in accordance
with the previous results of the crosstalk between HIPK2
and NRF2 (26,29). The current results are in line with the
hypothesis that targeting NRF2 may restore HIPK2 apop-
totic activity by increasing the generation of reactive oxygen
species (32), which strongly indicates that NRF2 and HIPK?2



908 VERDINA et al: HIPK2 IN STAGE II COLORECTAL CANCER

B
& 100
2
A 3
NRF2 S 6 -
38 - @ Ctrl-Cas9
GAPDH | e s s S 2 L3 HIPK2-Cas9
=
7}
BrusatolnM 0 50 100 200 T 10+ y T T Y ]
0 20 40 60 80 100
Brusatol (nM)
C HCT116 Ctrl-Cas9
100 100
2 . g i
2 ~~ = £
8 2 ) =
s = T--------10
z 8
-2 -@®- No Brusatol -.% -®- No Brusatol
> L} Brusatol 15 nM E 1L} Brusatol 15 nM
o
10 T v v v ) 10 v v r r "
0 2 4 6 8 10 0 2 4 6 8 10
5-FU (uM) OXA (M)
D HCT116 HIPK2-Cas9
100
g S
£ z
g 2
3 =
] ]
e =@ No Brusatol ° -& No Brusatol
£ 1} Brusatol 15 nM 2 14 Brusatol 15 nM
K *O Brusatol 40 nM 2 O Brusatol 40 nM
10 T T T J 10 T T T ]
0 20 40 80 80 0 10 20 30 40
5-FU (uM) OXA (uM)
[+;]
F <21 G 2 &8
E Mock siCtrl siNRF2 ZF @ g
£ ¢ ¢
3 T o
NRF2 W - 2 53 081 . g 2
g % £ i — -
98 = - m—
i Sl o Catalase ﬁ_xlg
o
Hoo7o [N
P ;' o _62 0.01—= . GAPDH |- —— 0
" e siCtrl siNRF2

Figure 5. HIPK2 expression and drug response in combination with NRF2 inhibition. (A) Parental, HIPK2-proficient HCT116 cells were treated with increasing
doses of brusatol for 4 h, and NRF2 expression was analyzed by WB. GADPH was used as the protein loading control. (B) Ctrl-Cas9 and HIPK2-Cas9 HCT116
cells were treated with increasing doses of brusatol, and cell viability was assessed by XTT after 48 h. Each point represents the percentage (mean + SE) of cell
viability compared with the untreated sample. (C) Ctrl-Cas9 cells were treated with increasing doses of 5-FU (left panel) and OXA (right panel) for 48 h in the
presence or absence of brusatol (15 nM) added 4 h before the other drugs. The percentage of cell viability compared with the untreated sample (mean + SE)
was assessed by XTT. (D) HIPK2-Cas9 cells were treated with 5-FU (left panel) and OXA (right panel) for 48 h in the presence or absence of brusatol. Two
doses of brusatol (15 and 40 nM) were employed on these cells due to their resistance. (E) siNRF2 and siCtrl were transfected to interfere with NRF2 expres-
sion in parental, HIPK2-proficient HCT116 cells. NRF2 and HIPK?2 expression levels were assessed by WB. HSP70 was used as the protein loading control.
(F) HCT116 cells transfected with siNRF2 or siCtrl RNAs were analyzed by reverse transcription-quantitative PCR to quantify HIPK2 mRNA expression.
(G) Protein expression levels of NRF2 and catalase were detected by WB in Ctrl-Cas9 and HIPK2-Cas9 HCT116 cells. GADPH was used as the protein
loading control. "P<0.05; “P<0.01; *“P<0.001. XTT, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; WB, western blotting; si,
small interfering; Ctrl, control; SE, standard error; 5-FU, 5-fluorouracil; OXA, oxaliplatin; HIPK2, homeodomain-interacting protein kinase 2; NRF2, nuclear
factor erythroid 2-related factor 2; HSP70, heat shock protein 70.

expression may be considered as useful markers for selecting
therapeutic options.

CRC who may benefit from adjuvant therapy. In addition,
the current data demonstrated that the inhibition of NRF2

In conclusion, the present data revealed that HIPK2
expression was associated with chemo-response in
early-stage CRC, which represents an initial step toward
defining a novel predictive marker for patients with stage II

induced an increase in chemotherapy response only when
HIPK?2 was expressed, indicating that HIPK2 may be a
crucial factor to be considered for combination therapy with
NRF2 modulators.
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