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Abstract. Background/aim: Heparanase (HPSE) is relevant to
therapy resistance in many malignancies yet is largely unstudied
in Hodgkin’s lymphoma. Here, we investigated links between
HPSE, cancer stem cell (CSC) features and radioresistance in
KM-H2 and 1428 Hodgkin’s lymphoma cells. Materials and
Methods: Firstly, HPSE expression in unsorted and sorted
CSCs was assessed. Post-irradiation, HPSE and CSC-related
gene expression changes were then quantified. Clonogenic
ability was investigated with and without artificial changes in
HPSE expression pre and post irradiation. Results: HPSE was
highly expressed in L428 but barely present in KM-H2 cells.
HPSE was overexpressed in sorted 1428 CSCs. Irradiation
induced HPSE and expression of CSC markers. High HPSE-
expressing L428 cells showed higher clonogenic ability than
low HPSE-expressing KM-H2 cells after irradiation. Down-
regulation of HPSE in L428 cells reduced their clonogenic
capability post-radiation, whilst overexpression of HPSE in
KM-H?2 cells increased colony formation. Conclusion: HPSE
expression is associated with CSC features and contributes to
radioresistance in Hodgkin'’s lymphoma cells.

Heparanase (HPSE) is an endoglycosidase specific to
heparan sulfate. Originally synthesized in the endoplasmatic
reticulum, a precursor, pro-HPSE, is then secreted into the
extracellular space. After endocytosis, it is transformed to
mature HPSE (by cathepsin L protease) and is then
transported to its destination (1). Over time, HPSE has been
found to have a multitude of locations, including the
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extracellular matrix (ECM), the nucleus, autophagosomes
and the surface of exosomes. HPSE has been attributed both
enzymatic and non-enzymatic activities (2). It is responsible
for the cleavage of heparan sulfate, thus playing a crucial
role in the modification of both the ECM and intracellular
vesicles (3). However, it is also known to non-enzymatically
modify intracellular signaling pathways, including
phosphoinositide 3-kinase (PI3K), protein kinase B (AKT),
and mitogen-activated protein kinases (MAPK). HPSE has
thus been called a ‘multitasking protein’ (1).

In cancer, HPSE-mediated ECM changes have been
described as key drivers for angiogenesis, cell migration,
inflammation and coagulation (4). Many cancer entities are
known to overexpress HPSE, augmenting the hallmarks of
cancer: Proliferation is increased, growth suppressed, cell
death down-regulated and invasion and metastasis enhanced
(5). HPSE expression is negatively associated with survival
in multiple malignancies (6-9). Given the wide range of
oncogenic signaling and the relevance for outcomes, HPSE
is a key potential target for therapy (3, 10).

Hodgkin’s lymphoma is a cancer of the hematopoietic
system that commonly presents in young patients with
supradiaphragmatic lymphadenopathy and B symptoms (11).
Known histologically for the presence of Reed—Sternberg cells
in an inflammatory setting, it is treated with chemotherapy or
radiotherapy and has a good prognosis overall (12). In cases
of failure of first-line treatments, a number of new therapies
(e.g. brentuximab vedotin, programmed cell death protein 1
blockade) have recently become available and research for
additional options is ongoing (11).

Some studies have investigated the role of HPSE in
Hodgkin’s lymphoma: Ben Arush and colleagues demonstrated
that a strong decrease of plasma HPSE expression over
treatment is indicative of good therapy response in children
with Hodgkin’s lymphoma (13). A number of investigations
have demonstrated the potential of HPSE inhibitors as
anticancer drugs for non-Hodgkin’s lymphomas (14-16).
However, Hodgkin’s lymphoma-specific studies remain scarce
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Table 1. TagMan probes used for quantitative polymerase chain reaction measurements of gene expression. All probes were acquired from Thermo

Fisher Scientific (Waltham, MA, USA).

Target gene Encoded protein

1D

HPSE Heparanase

NOTCHI Notch receptor 1

MSI1 Musashi RNA binding protein 1
ITGAV Integrin subunit alpha V

NANOG Nanog homeobox

ALDH4AI Aldehyde dehydrogenase 4 family member Al
18§ 18S ribosomal RNA

HS00180737_m1
HS00413187_m1
HS00159291_m1
Hs00233808_m1
HS02387400_g1
HS00186689_m1
HS99999901 _s1

and, as far as we are aware, HPSE has never been evaluated
regarding its influence on radiation response in lymphoma. In
the present study, we aimed to understand the expression of
HPSE in Hodgkin’s lymphoma, its relation to the highly
malignant cell subpopulation of cancer stem cells (CSCs) and
its influence on radioresistance in this disease.

Materials and Methods

Cell lines and culture. Two well-known confirmed classical
Hodgkin’s lymphoma cell lines were acquired from the German
Collection of Microorganisms and Cell Cultures GmbH
(Braunschweig, Lower Saxony, Germany): L428 was established
from the pleural effusion of a 37-year-old woman with stage IVB
Hodgkin’s lymphoma in 1972 (17). KM-H2 was first isolated from
the pleural effusion of a 37-year-old man with stage IV Hodgkin’s
lymphoma in 1974 (18). Cell lines were cultured using RPMI, 10%
fetal bovine serum, 4 mM L-glutamine, 100 pg/ml streptomycin and
100 U/ml penicillin. Culture conditions were 37°C, 5% CO,, and
100% humidity. Cell lines were cultured to 106 cells/ml and re-
plated every 48-72 h in a 1:4 proportion.

In a first set of experiments, we quantified the baseline
expression of HPSE in untreated KM-H2 and L428 cells.

Aldehyde dehydrogenase (ALDH) measurements were performed
to quantify ALDH expression in irradiated and non-irradiated cells,
and for sorting purposes.

Side population measurements were also performed to quantify
side populations in irradiated and non-irradiated cells 48 h after
irradiation, and for sorting purposes. For this, the same staining
protocol as for sorting was used. Colony formation after irradiation
was determined in both L428 and KM-H2 cells.

Quantitative polymerase chain reaction (QPCR) was then used to
determine expression of HPSE and, in the case of ALDH-sorted
cells, ALDH.

Irradiation. Twenty-four hours before irradiation, L428 cells were
transferred to 6-well plates and fresh medium was added. A total of
5x105 cells were seeded in each well. Cells were then irradiated
with a clinical TrueBeam linear accelerator (Varian, Palo Alto, CA,
USA). A dose of 2 Gy was applied at 4.8 Gy/min. qPCR was
performed as described above to quantify expression of stem cell-
related genes. Cells were harvested 48 h after irradiation. In a
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subsequent step, L428 cells were irradiated and post-irradiation
changes to CSC characteristics were quantified.

ALDH expression-based cell sorting. Fluorescence-based cell
sorting of ALDHPigh cells was performed as previously described
using L428 cells (19). ALDH was measured using a CyFlow Space
flow cytometer (Sysmex Partec, Gorlitz, Germany). Aldefluor kits
(STEMCELL Technologies, Vancouver, Canada) were used for
preparation, as previously described (20). After cell sorting, gPCR
was used to determine HPSE and ALDH expression in sorted
ALDH-positive cells and unsorted cells.

Side population sorting. Similar to ALDH-based sorting, side
population cells were also identified and isolated using cell sorting.
Hoechst 33342 DNA stain (Thermo Fisher Scientific, Waltham, MA,
USA) was used to perform side population analyses. Cells were grown
to 5%105 cells/ml and stained according to the protocol published by
Goodell (21). ATP-binding cassette (ABC) transporters were blocked
with verapamil (45 pg/ml) as a negative control. Again, a CyFlow
Space flow cytometer was used as previously described (19).

qPCR. qPCR was performed as previously described (22). Briefly,
cells were collected, lysed and total RNA was isolated using an
RNeasy mini kit (Qiagen, Venlo, the Netherlands). RNA quality was
assessed with a biophotometer (Eppendorf, Hamburg, Germany) with
A260/A280 ratios between 1.8 and 2.0 considered appropriate.
Subsequently, reverse transcription was performed with the High-
Capacity cDNA Reverse Transcription Kit (Qiagen). Kits were used
according to the manufacturer’s instructions. qPCR was then
performed on a Rotor-Gene Q machine (Qiagen). Probes were
normalized to /85 RNA expression. Results are expressed as the fold-
change relative to controls using the 2-AACt method (23). All qPCR
probes used over the course of the study are provided in Table I.

Colony formation assays. Colony formation assays help quantify
clonogenic survival following irradiation in otherwise untreated
L428 and KM-H2 cells. After irradiation (no irradiation was applied
in the case of control cells), cells were separated and incubated in
8.8 cm? Nunclon dishes (Thermo Fisher Scientific) in methyl
cellulose medium (MethoCult Express; Stem Cell Technology,
Vancouver, Canada). Cell separation was verified microscopically.
After 10 days, colonies were counted: Contiguous clusters of 50 or
more cells were defined as colonies. The clonogenic potential of
each sample was calculated as the number of colonies divided by
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the number of seeded cells. To understand irradiation-induced
changes, survival fractions were obtained by dividing the clonogenic
potential of irradiated cells by the clonogenic potential of
unirradiated cells, as previously described (24).

Manipulation of HPSE expression. We aimed to artificially alter
HPSE expression. HPSE was down-regulated in the cell line L428,
which was found to have a high baseline HPSE expression.
Conversely, HPSE was artificially up-regulated in the KM-H2 cell
line identified as having low baseline HPSE expression.

HPSE knockdown: HPSE was transiently down-regulated in
L428 cells using small interfering RNA (siRNA) sequences
(Thermo Fisher Scientific). HPSE-specific siRNA and a control
siRNA were used for samples and controls, respectively: HPSE
sense: 5’-CCUGAUGUAUUGGACAUUUtt-3’, antisense: 3’-
AAAUGUCCAAUACAUCAGGgt-3’; control siRNA: Thermo
Fisher ID: 4390843. siRNA of 5 pmol/ml, lipofectamine (Thermo
Fisher Scientific) at 1 ul/ml and OptiMEM (Thermo Fisher
Scientific) were added to 2x105 cells. Cells were incubated in
transfection medium for 24 h before being resuspended in standard
medium and then cells were irradiated.

HPSE overexpression: KM-H2 cells were transfected with vector
plasmid pcDNA 3.1 (Thermo Fisher Scientific). One plasmid
contained a native human HPSE cDNA while the control plasmid
did not. Constructs were gracefully provided by Hadassah Hebrew
University Medical Center (West Jerusalem, Israel). Transfection
was performed on a 6-well plate with 2x103 cells/ml, 3 pl/ml
lipofectamine and 250 ng/ml of plasmids, again with OptiMEM as
a medium. Cells were incubated for 24 hours before being
resuspended in standard medium and then cells were irradiated.

Statistical analysis. All experiments were performed at least three
times in duplicates. Differences were assessed using -tests; the level
of significance was p<0.05. If not otherwise noted, fold changes are
presented as the mean+standard deviation.

Results

HPSE is not uniformly expressed in Hodgkin’s lymphoma cell
lines. Firstly, we set out to quantify HPSE expression in the
common Hodgkin’s lymphoma cell lines L428 and KM-H2.
Using qPCR, we aimed to compare cycle thresholds of
HPSE expression relative to 18S controls (ACt values). We
found that HPSE was expressed at high levels in L428 cells
(ACt value 22.1+0.7) while expression in KM-H2 cells was
low (ACt value 28.0+0.3; p<0.01).

HPSE expression is associated with CSC-related gene
expression. As studies have identified HPSE to be a
promoter of CSCs (25, 26), we aimed to determine HPSE
gene expression in the CSC subpopulation. The molecular
marker ALDH (27) and the side population (28) have helped
identify this cellular subgroup of chemoresistant cancer-
initiating cells in Hodgkin’s disease. Using L428 cells, we
measured HPSE expression in sorted ALDH-positive and
sorted side population cells relative to respective unsorted
controls. We found that HPSE expression was significantly

higher in ALDH-positive cells compared to unsorted cells,
with ALDH4AI also expressed at higher levels (Figure 1A).
Representative measurements of ALDH can be found in
Figure 1B. Similarly, HPSE gene expression was higher in
sorted side population cells compared to unsorted cells
(Figure 1C). Representative side population measurements
can be found in Figure 1D.

Similarly to CSC-related genes, HPSE is induced after
irradiation. To understand irradiation-induced changes, we
performed qPCR analyses in the high HPSE-expressing 1.428
cell line. Cells irradiated with 2 Gy were compared to
unirradiated cells. We established that stem cell markers notch
receptor 1 (NOTCH]), integrin subunit alpha V (ITGAV) and
Musashi RNA binding protein 1 (MSII) were expressed at
significantly higher levels after irradiation, while Nanog
homeobox (NANOG), another stem cell marker, was also
slightly up-regulated. The level of HPSE was similarly
increased after 2 Gy irradiation (Figure 2A). Functionally, we
found that ALDH was expressed and active at higher levels
after irradiation (Figure 2B, representative histograms of
unirradiated and irradiated cells in Figure 2C). Similarly, side
population cells were also more prevalent after 2 Gy (Figure
2B, representative side population sorting histograms for
unirradiated and irradiated cells in Figure 2D). Negative
controls for experiments are shown in Supplementary Figure
S1 (https://uni-muenster.sciebo.de/s/WmhSBpVue9oAHFt).

Differential response to irradiation between 1428 and KM-
H?2 cells. Given the well-known relevance of HPSE for CSC
maintenance and the radioresistance conferred by CSCs, we
hypothesized a differential response to irradiation between the
high HPSE-expressing and low HPSE-expressing cell lines.
After 2 Gy of irradiation, we found that the clonogenic
potential was lower in low HPSE-expressing KM-H2 cells
compared to the high HPSE-expressing 1428 cells (Figure 3).

Manipulation of HPSE expression changes radioresistance
of Hodgkin’s lymphoma cells. After finding worse clonogenic
survival for low HPSE-expressing KM-H2 cells compared to
high HPSE-expressing L1428 cells, we hypothesized that
clonogenic ability may be altered via changes in HPSE
expression.

Firstly, we artificially down-regulated HPSE expression in
high HPSE-expressing L428 cells via siRNA transfection.
After confirming that HPSE expression was indeed reduced
in transfected cells (Figure 4A), we found that there was no
change in the clonogenic ability of unirradiated transfected
cells (Figure 4B). However, after 2 Gy of irradiation, cells
with HPSE knockdown showed significantly diminished
clonogenic ability (Figure 4C).

Secondly, we artificially up-regulated HPSE expression in
low HPSE-expressing KM-H2 cells via vector transfection.
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Figure 1. Flow cytometric cell sorting was used to sort cells of the high heparanase (HPSE)-expressing Hodgkin’s lymphoma cell line L428. A: In
sorted aldehyde dehydrogenase (ALDH)-positive cells, quantitative polymerase chain reaction measurements showed HPSE was nearly 3-fold
expressed when compared to unsorted controls (p<0.05). Similarly, ALDH4AI was overexpressed. B: Representative ALDH fluorescence
measurement during sorting. C: In measurements of sorted side population cells, HPSE was similarly expressed at higher levels when compared to
unsorted controls. D: Representative side population sorting histogram is shown. Experiments were performed as detailed in the Materials and
Methods section (n=3). Data are the mean+SD. *Significantly different from the control at p<0.05.

We found that HPSE expression was highly up-regulated, yet
the effect size differed widely between experiments,
precluding statistical significance of expression change
(Figure 5A); however, HPSE expression was increased at
least 75-fold in all experiments. Again, we found no change
in clonogenic ability in unirradiated transfected cells (Figure
5B). Yet after 2 Gy of irradiation, HPSE-overexpressing cells
were significantly more radioresistant (Figure 5C).

Discussion

In the present study, we aimed to determine the expression
of HPSE in Hodgkin’s lymphoma, its relation to CSCs and
its influence on radioresistance in this disease. We found that
HPSE expression was enhanced in CSCs, that both CSCs
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and HPSE are induced by irradiation, and that HPSE is
associated with radioresistance.

Expression of HPSE in Hodgkin’s lymphoma. We chose to
perform our investigation in two bona fide classical
Hodgkin’s lymphoma cell lines (29). Here, we found HPSE
to be differentially regulated: While it was relevantly
expressed in L428 cells, it was barely present in KM-H2
cells. This is consistent with a previous study that showed
that HPSE was only present in some, not all, samples from
hematological malignancies (30). Our results led us to
identify 1428 as a high HPSE-expressing cell line, while
KM-H2 cells were low HPSE-expressing. Further studies
focusing on the targeting of HPSE in Hodgkin’s disease
might benefit from focusing on L428 for their efforts.
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Figure 2. Gene expression and cell characteristics compared between non-irradiated and 2 Gy-irradiated Hodgkin's lymphoma cells. A: Irradiation
up-regulated expression of heparanase (HPSE) and stem cell markers Notch receptor 1 (NOTCH1), integrin subunit alpha V (ITGAV) and Musashi
RNA binding protein 1 (MSI11), as well as Nanog homeobox (NANOG) compared to non-irradiated cells. B: After irradiation, the proportions of
ALDH-positive and side population cells were higher compared to non-irradiated cells. Representative ALDH (C) and side population (D)
measurements before (left) and after (right) irradiation are shown. Negative controls for ALDH and side population experiments can be found in
Supplementary Figure S1 (https://uni-muenster.sciebo.de/s/WmhSBpVue9oAHFt). Experiments were performed as detailed in the Materials and
Methods section (n=3). Data are the mean+SD. Significantly different from non-irradiated cells at: *p<0.05, and **p<0.01.
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Figure 3. High heparanase (HPSE)-expressing L428 cells exhibited
significantly greater survival after 2 Gy of irradiation compared to low
HPSE-expressing KM-H2 cells. Experiments were performed as detailed
in the Materials and Methods section (n=3). Data are the mean+SD.
**Significantly different at p<0.01.

HPSE and CSCs. HPSE was overexpressed in sorted ALDH-
positive and side population cells. This points to a close
relationship between HPSE expression and stem cell
characteristics. HPSE knockdown was shown to reduce the
side population in colorectal cancer cells, thus pointing to a
CSC maintenance function for HPSE (26). Similarly, cancer
spheroids in myeloma have been described to highly co-
express ALDH and HPSE (25). Breast CSC properties have
also been linked to HPSE expression (31). Finally, in gastric
cancer, stemness has also been associated with HPSE
expression (32). As stemness is associated with increased
cancer cell motility, invasiveness and angiogenesis, these
associations point to a pivotal role for HPSE in cancer
progression (33). Our findings indicate this may also be true
in Hodgkin’s lymphoma and may help identify HPSE as a
potential therapeutic target in this malignancy.

Irradiation induces HPSE and expression of CSC markers.
In our study, we found that after a radiation dose of 2 Gy,
HPSE and CSC-related genes were expressed at higher
levels. This phenomenon has been described in other tumor
entities and three possible explanations have been discussed.

Firstly, CSCs are a radioresistant subpopulation of tumor
cells. Specifically, all of the significantly regulated stem cell
markers we found to have increased in expression after
radiation have been linked to radioresistance: NOTCHI has
been discussed as a therapeutic target to address
radioresistance (34), ITGAV has been targeted to
radiosensitize nasopharyngeal cells (35) and MSI1 has been
linked to radioresistance in breast cancer (24). Radiotherapy
preferentially eliminates non-radioresistant cells, thus
overwhelmingly targeting non-CSCs. This indirectly enriches
the ratio of CSCs in tumors (36). This mechanism may have
contributed to the enhanced CSC characteristics we found
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Figure 4. Changes in radiation resistance after siRNA-based down-
regulation of heparanase (HPSE) in high HPSE-expressing L428 cells.
A: HPSE expression was confirmed to be down-regulated in quantitative
polymerase chain reaction measurements after siRNA transfection. B:
There was no change in colony formation after HPSE knockdown in
non-irradiated cells. C: The level of colony formation by HPSE
knockdown cells was significantly lower after 2 Gy of irradiation when
compared to cells without HPSE knockdown. Experiments were
performed as detailed in the Materials and Methods section (n=3). Data
are the mean=SD. *Significantly different from the control at p<0.05.

post-irradiation. As discussed above, we established that
HPSE is expressed at higher levels in CSCs compared to
other cancer cells. Thus, an increased proportion of high
HPSE-expressing CSCs in the cell population after
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irradiation may explain the HPSE increase we observed post
irradiation in the general cell population.

Secondly, radiation can induce the reprogramming of non-
CSCs into CSCs, as previously described for breast cancer
cells (37). As HPSE is needed for stem cell maintenance, as
described above, this may also have enhanced HPSE
expression.

Thirdly, radiation may increase CSC proliferation,
resulting in an increased number of CSC-like cells. This has
been shown in oral (38) and breast cancer (39).

An increase in radiation-induced HPSE expression has
also been demonstrated after irradiation of liver (40) and
pancreatic cancer cells (41). Meirovitz and colleagues (41)
showed that HPSE targeting was able to alleviate previously
described increases in invasion and metastasis following
irradiation. Our findings point to a similar mechanism in
Hodgkin’s lymphoma.

Our findings and the literature cited above further
underline the necessity of successfully targeting CSCs (42)
and informed our subsequent experiments to gauge the
radiosensitizing potential of HPSE.

HPSE expression is associated with radioresistance. When
comparing post-radiation clonogenic ability between KM-H2
and 1428, we noted that low HPSE-expressing KM-H2 cells
had significantly lower post-radiation survival. Follow-up
studies in both cell lines — knockdown of HPSE in the high
HPSE-expressing 1428 cell line and up-regulation of HPSE
in low HPSE-expressing KM-H2 cells — clearly point to HPSE
as a mediator of radioresistance. Targeting HPSE reduced
clonogenic capability, whilst enhancing its expression resulted
in increased colony formation.

As a modulator of stem cells, HPSE has been
hypothesized to be a marker of radioresistance and a target
for cancer cell radiosensitization (43). It has been shown to
be associated with radioresistance in cervical (44) and
ovarian (45) cancer. However, no such effect was seen in
colorectal cancer (26). In our findings in Hodgkin’s disease,
the data from both cell lines clearly indicate HPSE
expression to be positively associated with radioresistance.

The presence of HPSE in Hodgkin’s lymphoma tissue may
help individualize dose finding in clinical radiation treatment.
Numerous studies, including by the German Hodgkin Study
Group, have focused on dose de-escalation in Hodgkin’s
lymphoma given the young age of patients and the relevant
risk of long-term toxicities (45-47). Individualized doses based
on tumor gene expression have been discussed as a promising
approach to aid this effort (48-50). This study supplements this
discussion by identifying HPSE as a relevant marker of
radioresistance in Hodgkin’s lymphoma.

There are some notable limitations to this study. Most
importantly, it was an in vitro investigation including two
human cell lines, thus conferring limitations inherent to the
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Figure 5. Changes in radiation resistance after up-regulation of
heparanase (HPSE) in low HPSE-expressing KM-H2 cells. A: HPSE
expression was up-regulated at least 75-fold in any measurement, yet
prone to high variance in fold change after vector transfection. B: There
was no change in colony formation after HPSE overexpression in non-
irradiated cells. C: HPSE-overexpressing cells demonstrated
significantly higher levels of colony formation after irradiation compared
when compared to cells without HPSE overexpression. Experiments were
performed as detailed in the Materials and Methods section (n=3). Data
are the mean+SD. **Significantly different at p<0.01.

study design. Secondly, we were unable to test doses of
irradiation higher than 2 Gy (e.g. 4 or 6 Gy), as no colonies
at all were seen in multiple colony formation assays after
subjecting cells to higher doses, even when seeding high
numbers of cells. Thirdly, the verification of HPSE up-
regulation in KM-H2 cells after vector transfection did not
reach the level of significance. However, while the inter-
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experimental fold-change variability was great, we found an
at least 75-fold increase in HPSE expression in every
experiment. Finally, our experiments indicate HPSE may not
be relevantly expressed in all lymphoma cell lines,
potentially limiting the applicability of findings.

In conclusion, in the present study we showed that HPSE
expression is associated with stem cell features in Hodgkin’s
lymphoma cells. Irradiation induced both HPSE and CSC-
related genes. Finally, HPSE targeting reduced clonogenic
survival and may help address radioresistance.

Conflicts of Interest

The Authors declare no conflicts of interest with respect to the
publication.

Authors’ Contributions

Conception and design of the study: ML, MG, BG. Methodology
and investigation: FMT, ML, KB, HTE, MG, BG. Data analysis
and interpretation: FMT, ML. Study supervision: HTE, MG, BG.
Writing — original draft and figures: FMT. Writing — review and
editing: ML, KB, HTE, MG, BG. All Authors read and approved
the final version of the article.

Acknowledgements

The Authors would like to thank Michael Elkin, Hadassah Hebrew
University Medical Center (West Jerusalem, Israel), for providing the
vectors for HPSE overexpression. We also thank Annette van Diilmen
for expert technical assistance. Parts of the study were supported via
a stipend by the MedizinerKolleg (MedK) Miinster for M.L. The
Authors also acknowledge the Medical Faculty of Miinster University
(Dekanat der Medizinischen Fakultit, Universitidt Miinster) for their
clinician scientist program supporting F.M.T.

References

1 Masola V, Bellin G, Gambaro G and Onisto M: Heparanase: A
multitasking protein involved in extracellular matrix (ECM)
remodeling and intracellular events. Cells 7(12): 236, 2018.
PMID: 30487472. DOL: 10.3390/cells7120236

2 Vlodavsky I, Singh P, Boyango I, Gutter-Kapon L, Elkin M,
Sanderson RD and Ilan N: Heparanase: From basic research to
therapeutic applications in cancer and inflammation. Drug Resist
Updat 29: 54-75, 2016. PMID: 27912844. DOIL: 10.1016/j.drup.
2016.10.001

3 Coombe DR and Gandhi NS: Heparanase: A challenging cancer
drug target. Front Oncol 9: 1316, 2019. PMID: 31850210. DOI:
10.3389/fonc.2019.01316

4 Sanderson RD, Elkin M, Rapraeger AC, Ilan N and Vlodavsky
I: Heparanase regulation of cancer, autophagy and inflammation:
new mechanisms and targets for therapy. FEBS J 284(1): 42-55,
2017. PMID: 27758044. DOI: 10.1111/febs.13932

5 Jayatilleke KM and Hulett MD: Heparanase and the hallmarks
of cancer. J Transl Med 18(1): 453, 2020. PMID: 33256730.
DOI: 10.1186/s12967-020-02624-1

3306

6 Sun X, Zhang G, Nian J, Yu M, Chen S, Zhang Y, Yang G, Yang
L, Cheng P, Yan C, Ma Y, Meng H, Wang X and Li JP: Elevated
heparanase expression is associated with poor prognosis in
breast cancer: a study based on systematic review and TCGA
data. Oncotarget 8(26): 43521-43535, 2017. PMID: 28388549.
DOI: 10.18632/oncotarget.16575

7 Takaoka M, Naomoto Y, Ohkawa T, Uetsuka H, Shirakawa Y, Uno
F, Fujiwara T, Gunduz M, Nagatsuka H, Nakajima M, Tanaka N
and Haisa M: Heparanase expression correlates with invasion and
poor prognosis in gastric cancers. Lab Invest 83(5): 613-622,2003.
PMID: 12746471. DOI: 10.1097/01.1ab.0000067482.84946.bd

8 Davidson B, Shafat I, Risberg B, Ilan N, Trope’ CG, Vlodavsky I
and Reich R: Heparanase expression correlates with poor survival
in metastatic ovarian carcinoma. Gynecol Oncol 104(2): 311-319,
2007. PMID: 17030350. DOI: 10.1016/j.ygyno.2006.08.045

9 Wang X, Wen W, Wu H, Chen Y, Ren G and Guo W:
Heparanase expression correlates with poor survival in oral
mucosal melanoma. Med Oncol 30(3): 633, 2013. PMID:
23794232. DOI: 10.1007/s12032-013-0633-5

10 Pisano C, Vlodavsky I, Ilan N and Zunino F: The potential of
heparanase as a therapeutic target in cancer. Biochem Pharmacol
89(1): 12-19, 2014. PMID: 24565907. DOI: 10.1016/j.bcp.2014.
02.010

11 Ansell SM: Hodgkin lymphoma: A 2020 update on diagnosis,
risk-stratification, and management. Am J Hematol 95(8): 978-
989, 2020. PMID: 32384177. DOI: 10.1002/ajh.25856

12 Shanbhag S and Ambinder RF: Hodgkin lymphoma: A review
and update on recent progress. CA Cancer J Clin 68(2): 116-132,
2018. PMID: 29194581. DOI: 10.3322/caac.21438

13 Ben Arush MW, Shafat I, Ben Barak A, Shalom RB, Vlodavsky
I and Ilan N: Plasma heparanase as a significant marker of
treatment response in children with Hodgkin lymphoma: pilot
study. Pediatr Hematol Oncol 26(4): 157-164, 2009. PMID:
19437318. DOI: 10.1080/08880010902754917

14 Weissmann M, Arvatz G, Horowitz N, Feld S, Naroditsky I,
Zhang Y, Ng M, Hammond E, Nevo E, Vlodavsky I and Ilan N:
Heparanase-neutralizing antibodies attenuate lymphoma tumor
growth and metastasis. Proc Natl Acad Sci USA 113(3): 704-
709, 2016. PMID: 26729870. DOI: 10.1073/pnas.1519453113

15 Rossini A, Zunino F, Ruggiero G, De Cesare M, Cominetti D,
Tortoreto M, Lanzi C, Cassinelli G, Zappasodi R, Tripodo C,
Gulino A, Zaffaroni N and Di Nicola M: Microenvironment
modulation and enhancement of antilymphoma therapy by the
heparanase inhibitor roneparstat. Hematol Oncol 36(1): 360-362,
2018. PMID: 28730742. DOI: 10.1002/hon.2466

16 Weissmann M, Bhattacharya U, Feld S, Hammond E, Ilan N and
Vlodavsky I: The heparanase inhibitor PG545 is a potent anti-
lymphoma drug: Mode of action. Matrix Biol 77: 58-72, 2019.
PMID: 30096360. DOI: 10.1016/j.matbio.2018.08.005

17 Schaadt M, Diehl V, Stein H, Fonatsch C and Kirchner HH: Two
neoplastic cell lines with unique features derived from
Hodgkin’s disease. Int J Cancer 26(6): 723-731, 1980. PMID:
7216541. DOI: 10.1002/ijc.2910260605

18 Kamesaki H, Fukuhara S, Tatsumi E, Uchino H, Yamabe H,
Miwa H, Shirakawa S, Hatanaka M and Honjo T: Cytochemical,
immunologic, chromosomal, and molecular genetic analysis of
a novel cell line derived from Hodgkin’s disease. Blood 68(1):
285-292, 1986. PMID: 3013343.

19 Greve B, Kelsch R, Spaniol K, Eich HT and Gétte M: Flow
cytometry in cancer stem cell analysis and separation. Cytometry A



Troschel et al: Heparanase and Radioresistance in Hodgkin’s Lymphoma

81(4): 284-293, 2012. PMID: 22311742. DOI: 10.1002/cyto.a.
22022

20 Ibrahim SA, Gadalla R, El-Ghonaimy EA, Samir O, Mohamed
HT, Hassan H, Greve B, El-Shinawi M, Mohamed MM and
Gotte M: Syndecan-1 is a novel molecular marker for triple
negative inflammatory breast cancer and modulates the cancer
stem cell phenotype via the IL-6/STAT3, Notch and EGFR
signaling pathways. Mol Cancer 16(/): 57, 2017. PMID:
28270211. DOI: 10.1186/s12943-017-0621-z

21 Goodell MA: Stem cell identification and sorting using the Hoechst
33342 side population (SP). Curr Protoc Cytom Chapter 9:
Unit9.18, 2005. PMID: 18770827. DOI: 10.1002/04711429
56.cy0918s34

22 Troschel FM, Bohly N, Borrmann K, Braun T, Schwickert A,
Kiesel L, Eich HT, Gotte M and Greve B: miR-142-3p
attenuates breast cancer stem cell characteristics and decreases
radioresistance in vitro. Tumour Biol 40(8): 1010428318791887,
2018. PMID: 30091683. DOI: 10.1177/1010428318791887

23 Livak KJ and Schmittgen TD: Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 25(4): 402-408, 2001.
PMID: 11846609. DOI: 10.1006/meth.2001.1262

24 Troschel FM, Minte A, Ismail YM, Kamal A, Abdullah MS,
Ahmed SH, Deffner M, Kemper B, Kiesel L, Eich HT, Ibrahim
SA, Gotte M and Greve B: Knockdown of Musashi RNA binding
proteins decreases radioresistance but enhances cell motility and
invasion in triple-negative breast cancer. Int J Mol Sci 21(6):
2169, 2020. PMID: 32245259. DOI: 10.3390/ijms21062169

25 Tripathi K, Ramani VC, Bandari SK, Amin R, Brown EE,
Ritchie JP, Stewart MD and Sanderson RD: Heparanase
promotes myeloma stemness and in vivo tumorigenesis. Matrix
Biol 88: 53-68, 2020. PMID: 31812535. DOI: 10.1016/
j-matbio.2019.11.004

26 Katakam SK, Pelucchi P, Cocola C, Reinbold R, Vlodavsky I,
Greve B and Gotte M: Syndecan-1-dependent regulation of
heparanase affects invasiveness, stem cell properties, and
therapeutic resistance of Caco2 colon cancer cells. Front Oncol
10: 774, 2020. PMID: 32477959. DOI: 10.3389/fonc.2020.00774

27 lkeda J, Mamat S, Tian T, Wang Y, Luo W, Rahadiani N, Aozasa
K and Morii E: Reactive oxygen species and aldehyde
dehydrogenase activity in Hodgkin lymphoma cells. Lab Invest
92(4): 606-614, 2012. PMID: 22349638. DOI: 10.1038/
labinvest.2012 .4

28 Nakashima M, Ishii Y, Watanabe M, Togano T, Umezawa K,
Higashihara M, Watanabe T and Horie R: The side population,
as a precursor of Hodgkin and Reed-Sternberg cells and a target
for nuclear factor-xB inhibitors in Hodgkin’s lymphoma. Cancer
Sci 101(11): 2490-2496, 2010. PMID: 20735433. DOI:
10.1111/j.1349-7006.2010.01693 x

29 Drexler HG, Pommerenke C, Eberth S and Nagel S: Hodgkin
lymphoma cell lines: to separate the wheat from the chaff. Biol
Chem 399(6): 511-523, 2018. PMID: 29533902. DOI: 10.1515/
hsz-2017-0321

30 Bitan M, Polliack A, Zecchina G, Nagler A, Friedmann Y, Nadav
L, Deutsch V, Pecker I, Eldor A, Vlodavsky I and Katz BZ:
Heparanase expression in human leukemias is restricted to acute
myeloid leukemias. Exp Hematol 30(1): 34-41, 2002. PMID:
11823035. DOI: 10.1016/s0301-472x(01)00766-4

31 Teixeira FCOB, Vijaya Kumar A, Kumar Katakam S, Cocola C,
Pelucchi P, Graf M, Kiesel L, Reinbold R, Pavao MSG, Greve

B and Goétte M: The heparan sulfate sulfotransferases HS2ST1
and HS3ST2 are novel regulators of breast cancer stem-cell
properties. Front Cell Dev Biol 8: 559554, 2020. PMID:
33102470. DOI: 10.3389/fcell.2020.559554

32 Shah S, Pocard M and Mirshahi M: Targeting the differentiation
of gastric cancer cells (KATO III) downregulates epithelial
mesenchymal and cancer stem cell markers. Oncol Rep 42(2):
670-678, 2019. PMID: 31233198. DOI: 10.3892/0r.2019.7198

33 Ramani VC, Purushothaman A, Stewart MD, Thompson CA,
Vlodavsky I, Au JL and Sanderson RD: The heparanase/syndecan-
1 axis in cancer: mechanisms and therapies. FEBS J 280(10):
2294-2306, 2013. PMID: 23374281. DOI: 10.1111/febs.12168

34 Yahyanejad S, Theys J and Vooijs M: Targeting Notch to
overcome radiation resistance. Oncotarget 7(7): 7610-7628,
2016. PMID: 26713603. DOI: 10.18632/oncotarget.6714

35 Wei F, Tang L, He Y, Wu Y, Shi L, Xiong F, Gong Z, Guo C, Li
X, Liao Q, Zhang W, Ni Q, Luo J, Li X, Li Y, Peng C, Chen X,
Li G, Xiong W and Zeng Z: BPIFB1 (LPLUNCI) inhibits
radioresistance in nasopharyngeal carcinoma by inhibiting VTN
expression. Cell Death Dis 9(4): 432, 2018. PMID: 29568064.
DOI: 10.1038/s41419-018-0409-0

36 Martins-Neves SR, Cleton-Jansen AM and Gomes CMF:
Therapy-induced enrichment of cancer stem-like cells in solid
human tumors: Where do we stand? Pharmacol Res /37: 193-
204, 2018. PMID: 30316903. DOI: 10.1016/j.phrs.2018.10.011

37 Lagadec C, Vlashi E, Della Donna L, Dekmezian C and Pajonk
F: Radiation-induced reprogramming of breast cancer cells.
Stem Cells 30(5): 833-844, 2012. PMID: 22489015. DOLI:
10.1002/stem.1058

38 Liu Y, Yang M, Luo J and Zhou H: Radiotherapy targeting
cancer stem cells "awakens" them to induce tumour relapse and
metastasis in oral cancer. Int J Oral Sci /2(1): 19, 2020. PMID:
32576817. DOI: 10.1038/541368-020-00087-0

39 Lagadec C, Vlashi E, Della Donna L, Meng Y, Dekmezian C,
Kim K and Pajonk F: Survival and self-renewing capacity of
breast cancer initiating cells during fractionated radiation
treatment. Breast Cancer Res /2(7): R13, 2010. PMID:
20158881. DOI: 10.1186/bcr2479

40 Chung SI, Seong J, Park YN, Kim WW, Oh HJ and Han KH:

Identification of proteins indicating radiation-induced hepatic

toxicity in cirrhotic rats. J Radiat Res 5/(6): 643-650, 2010.

PMID: 21116097. DOI: 10.1269/jrr.09114

Meirovitz A, Hermano E, Lerner I, Zcharia E, Pisano C, Peretz

T and Elkin M: Role of heparanase in radiation-enhanced

invasiveness of pancreatic carcinoma. Cancer Res 71(7): 2772-

2780, 2011. PMID: 21447736. DOI: 10.1158/0008-5472.CAN-

10-3402

42 Arnold CR, Mangesius J, Skvortsova II and Ganswindt U: The
role of cancer stem cells in radiation resistance. Front Oncol /0:
164, 2020. PMID: 32154167. DOI: 10.3389/fonc.2020.00164

43 Kabakov AE and Yakimova AO: Hypoxia-induced cancer cell
responses driving radioresistance of hypoxic tumors: Approaches
to targeting and radiosensitizing. Cancers (Basel) /3(5): 1102,
2021. PMID: 33806538. DOI: 10.3390/cancers13051102

44 Li J, Meng X, Hu J, Zhang Y, Dang Y, Wei L and Shi M:
Heparanase promotes radiation resistance of cervical cancer by
upregulating hypoxia inducible factor 1. Am J Cancer Res 7(2):
234-244,2017. PMID: 28337373.

45 Xing Y, Cui D, Wang S, Wang P, Xing X and Li H: Oleuropein
represses the radiation resistance of ovarian cancer by inhibiting

4

—_

3307



ANTICANCER RESEARCH 41: 3299-3408 (2021)

hypoxia and microRNA-299-targetted heparanase expression.
Food Funct 8(8): 2857-2864, 2017. PMID: 28726915. DOI:
10.1039/¢7f000552k

46 Diihmke E, Franklin J, Pfreundschuh M, Sehlen S, Willich N,
Riihl U, Miiller RP, Lukas P, Atzinger A, Paulus U, Lathan B,
Riiffer U, Sieber M, Wolf J, Engert A, Georgii A, Staar S,
Herrmann R, Beykirch M, Kirchner H, Emminger A, Greil R,
Fritsch E, Koch P, Drochtert A, Brosteanu O, Hasenclever D,
Loeffler M and Diehl V: Low-dose radiation is sufficient for the
noninvolved extended-field treatment in favorable early-stage
Hodgkin’s disease: long-term results of a randomized trial of
radiotherapy alone. J Clin Oncol 79(11): 2905-2914, 2001.
PMID: 11387364. DOI: 10.1200/JC0O.2001.19.11.2905

47 Engert A, Pliitschow A, Eich HT, Lohri A, Dorken B,
Borchmann P, Berger B, Greil R, Willborn KC, Wilhelm M,
Debus J, Eble MJ, Sokler M, Ho A, Rank A, Ganser A, Triimper
L, Bokemeyer C, Kirchner H, Schubert J, Krdl Z, Fuchs M,
Miiller-Hermelink HK, Miiller RP and Diehl V: Reduced
treatment intensity in patients with early-stage Hodgkin’s
lymphoma. N Engl J Med 363(7): 640-652, 2010. PMID:
20818855. DOI: 10.1056/NEJMoal000067

3308

48 Shah BA, Oh C, Wu SP, Karp JM, Grossbard M and Gerber NK:
Radiation dose reduction in early-stage Hodgkin lymphoma.
Clin Lymphoma Myeloma Leuk 20(12): 820-829, 2020. PMID:
32800712. DOI: 10.1016/j.clm1.2020.07.010

49 West CM and Barnett GC: Genetics and genomics of
radiotherapy toxicity: towards prediction. Genome Med 3(8): 52,
2011. PMID: 21861849. DOI: 10.1186/gm268

50 Forte G, Minafra L, Bravata V, Cammarata F, Lamia D, Pisciotta
P, Cirrone G, Cuttone G, Gilardi M and Russo G:
Radiogenomics: the utility in patient selection. Translational
Cancer Research 6(S5): S852-S874, 2018. DOI: 10.21037/
tcr.2017.06.47

Received May 25, 2021
Revised June 12, 2021
Accepted June 15, 2021



