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There are no previous studies assessing the microRNAs that regulate antioxidant enzymes in Hodgkin lymphomas (HLs). We
determined the mRNA levels of redox regulating enzymes peroxiredoxins (PRDXs) I-III, manganese superoxide dismutase
(MnSOD), nuclear factor erythroid-derived 2-like 2 (Nrf2), and Kelch-like ECH-associated protein 1 (Keapl) from a carefully
collected set of 41 classical HL patients before receiving any treatments. The levels of redoxmiRs, miRNAs known to regulate the
above-mentioned enzymes, were also assessed, along with CD3, CD20, and CD30 protein expression. RNAs were isolated from
freshly frozen lymph node samples and the expression levels were analyzed by qPCR. mir23b correlated inversely with CD3 and
CD20 expressions (p = 0.00076; r = —0.523 and p = 0.0012; r = —0.507) and miR144 with CD3, CD20, and CD30 (p = 0.030;
r =-0.352, p = 0.041; r = —0.333 and p = 0.0032; r = —0.47, resp.). High MnSOD mRNA levels associated with poor HL-specific
outcome in the patients with advanced disease (p = 0.045) and high miR-122 levels associated with worse HL-specific survival
in the whole patient population (p = 0.015). When standardized according to the CD30 expression, high miR212 and miR510
predicted worse relapse-free survival (p = 0.049 and p = 0.0058, resp.). In conclusion, several redoxmiRs and redox regulating

enzyme mRNA levels associate with aggressive disease outcome and may also produce prognostic information in classical HL.

1. Introduction

Although modern polychemotherapy has significantly
improved Hodgkin lymphoma (HL) survival rates, relapsed
and refractory HL have still poor prognosis [1]. There are
prognostic risk factor scores separately both in limited
(IA-IIA) and in advanced (IIB-IV) stages of HL to guide
the treatment selection. Nevertheless, prognosis varies
considerably inside these classes and it would be of
utmost importance to find novel prognostic and predictive
biomarkers to help to select the patients at the highest risk
for relapse.

We recently demonstrated a potential prognostic role
of the protein expression of several cellular redox state
regulating enzymes [2]. Since reactive oxygen species (ROS),

especially superoxide anions, are produced primarily in mito-
chondria, mitochondrially located manganese superoxide
dismutase (MnSOD or SOD?2) is in the first-line defense by
dismutating superoxide to the less harmful hydrogen perox-
ide (H,0,) and oxygen. H,O, is further catalyzed to water
and oxygen by peroxiredoxins (PRDXs), glutathione perox-
idases, and catalase. PRDXs are a peroxidase family having
multiple subcellular locations such as cytosol (PRDXs I, II,
111, V, and VI), peroxisomes (PRDXs IV and V), lysosomes
(PRDXs IV and VI), endoplasmic reticulum, extracellular
space, Golgi apparatus (PRDX IV), and also mitochondria
(PRDXs IIT) [3-6]. Their structure is conserved from bacteria
to mammals and knockdown mice with PRDX I or II
deficiency are susceptible to early aging and carcinogenesis
[7-9]. PRDXs are involved in a variety of activities where
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H,0, is generated, including cellular metabolism, growth,
differentiation, inflammation, and proliferation [10].

Nuclear factor erythroid-derived 2-like 2 (Nrf2) is con-
sidered as the main cellular redox state regulator. It is
a transcription factor able to regulate the expression of
genes for antioxidant enzymes, metal-binding proteins, drug-
metabolizing enzymes, drug transporters, and molecular
chaperones. Under basal conditions, Nrf2 is bound to a
cytoplasmic complex with its inhibitor Kelch-like ECH-
associated protein 1 (Keapl). During oxidative stress Nrf2 is
released and moves to the nucleus where it complexes with a
small maf proteins and consequently upregulates the above-
mentioned genes [11, 12].

MicroRNAs are small, single-stranded, noncoding RNAs
that are essential posttranscriptional regulators of gene
expression. The knowledge of miRNA in the regulation of
redox state regulating enzymes (“redoxmiRs”) is rapidly
increasing [13]. Although miRNAs are recognized as essential
cellular homeostasis regulators, there is only limited amount
of data on their role in the pathogenesis of HL with no existing
literature on the impact of redoxmiRs in HL.

Cluster of differentiation proteins CD3, CD20, and CD30
are typically used as cell type markers of lymphocytes.
Interestingly, they are membrane proteins with important
physiological functions and likely to interact in oxidative
stress also: CD3 is a coreceptor of T cell receptor, responsible
for ligand-dependent initiation of intracellular signaling
[14]. CD20 is a potential mediator of apoptosis through its
interaction with membrane microdomains rich in src-family
kinases [15], while CD30 is a member of tumor necrosis factor
receptor superfamily [16].

Based on the results of our previous work assessing
antioxidant protein expression in HL [2], we aimed here
to clarify whether major redox regulator mRNA levels or
miRNAs regulating them would associate with traditional
prognostic factors of HL or chemoresistance or if they could
serve as potential novel prognostic factors in classical HLs.
We also compared their expression with CD30, a marker to
detect Hodgkin’s cells in classical Hodgkin’s lymphoma, to
CD20, a marker for B cell lineage, and CD3, a marker for T
cell lineage.

2. Materials and Methods

2.1. Cases. The cohort consisted of 41 previously untreated
classical Hodgkin lymphomas [17]. The samples were col-
lected from the archives of Department of Pathology of
Oulu University Hospital and they dated from the year
2000 until the year 2011. Freshly frozen lymph node samples
were stored at —80°C. Clinical data of the patients were
retrospectively collected from the patient records of Oulu
University Hospital. Median follow-up of patients was 77.0
months and 6 patients had a relapse during the follow-up.
Patients’ characteristics are described in Table 1.

2.2. CD3, CD20, and CD30 Immunohistochemistry. Sections
of 4 ym thickness were cut from samples which had been
routinely fixed in formalin and embedded in paraffin. The
paraffin tissue sections were deparaffinized in xylene (5 min,
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TABLE 1: Patient characteristics.

Male
Limited stage

20 (48.8%)
17 (41.5%)
8 (471%)"
9 (37.5%)"

Limited stage risk factors
International Prognostic Score > 2

B-symptoms 18 (43.9%)
WHO performance status > 1 3L3%

Radiotherapy 21 (51.2%)
Relapsed 6 (14.6%)
CR with 1st-line ABVD 34 (82.9%)

!Percentage from the patients with limited stage and advanced stage,
respectively.

2 times) and rehydrated through graded ethanol. Antigen
retrieval was performed by immersing sections in 10 mM
sodium citrate buffer (pH 6.0) and boiling by microwave
(95°C, 30 min). After boiling the sections were allowed to
cool at room temperature and washed by PBS (5min, 3
times). The sections were incubated in 3% hydrogen perox-
idase for 10 min to inactivate endogenous peroxidases. After
washing by PBS (5min, 3 times), sections were incubated
with the primary antibodies for 30 minutes at room tem-
perature with a dilution of 1:300 for CD30 (code K5007,
Dako, Dakopatts, Denmark), 1:1000 for CD20 (clone 126,
Dako), and 1: 50 for CD3 (clone PS1, Novocastra Biosystems
Newcastle Ltd., Newcastle upon Tyne, UK). The following
day, sections were washed repeatedly by PBS and incubated
with Dako REALTM EnVision™/HRP, Rabbit/Mouse (Dako
REAL EnVision Detection System: Dako, code K5007) for 1h
at room temperature. After washing repeatedly by PBS, the
labelled secondary antibody was visualized by adding Dako
REAL Substrate Buffer (Dako REAL EnVision Detection
System: Dako, code K5007) containing Dako REAL DAB+
Chromogen (Dako REAL EnVision Detection System: Dako,
code K5007). Sections were then counterstained with hema-
toxylin, dehydrated, and mounted. The data was evaluated by
assessing the percentage of positive cells in the section for
each antibody.

2.3. RNA Isolation and qPCR Analyses. Total RNA was
extracted from lymph nodes using miRNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA quality was checked by
electrophoresis. cDNA synthesis was done with miScript II
Reverse Transcription Kit (Qiagen). miScript SYBR Green
PCR Kit (Qiagen) was used for cDNA amplification by
Rotor-Gene Q real-time quantitative PCR equipment (Qia-
gen). The following gene-specific primers were used for
amplification; Keapl (NM_203500.1): F (forward primer): 5'-
GGTCCCCTACAGCCAAGGT-3' and R: (reverse primer)
5'-CTGCATGGGGTTCCAGAAGAT-3'; Nrf2 (S740171): F:
5'-GCAGGACATGGATTTGATTGACA-3' and R: 5'-TCA-
TACTCTTTCCGTCGCTGA-3'; PRDX1 (NM_002574.3): F:
5'-CACTGACAAACATGGGGAAGT-3' and R: 5'-TGC-
TCTTTTGGACATCAGGCT-3'; PRDX2 (NM_005809.5):
F: 5'-GTCCAGGCCTTCCAGTACAC-3' and R: 5'-TGT-
CATCCACGTTGGGCTTA-3'; PRDX3 (NM_006793.3): F:
5'-TTAAACATGGTTAGTTGCTAGTACAAGGA-3" and
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TABLE 2: Associations between CD3, CD20, and CD30 protein levels and redoxmRNAs and miRNAs regulating them.

CD3 CD20 CD30
CD3
CD20 p = 0.000040; r = 0.615
CD30 NS NS NS
PRDX I mRNA p=0.037;r = -0.339 NS NS
PRDX II mRNA
PRDX III mRNA p = 0.046; r = —0.326
Nrf2 mRNA
Keapl mRNA p =0.050; r = -0.320
SOD2 mRNA
miR23b p =0.00076; r = —0.523 p =0.0012; r = -0.507
miR28 p =0.022;r = -0.370 p=0.011;r = -0.409
miR93 p=0.031r=-0.351
miR122
miR144 p =0.030; r = -0.352 p =0.041;r = -0.333 p =0.0032;r = -0.471
miR200a
miR212
miR383
miR510

R: 5'-TTGAGACATGATCTAAGAATAGCCTTCTA-3';
MnSOD (NM_000636.2): F: 5-GGACACTTACAAATT-
GCTGCTT-3" and R: 5'-CCACACATCAATCCCCAG-
CA-3'. GAPD (BC029618; F: 5-TGGAAGGACTCATGA-
CCACA-3" and R: 5-CCATCACGCCACAGTTT-3) was
used as reference gene for normalization of qPCR results
in mRNA studies. For miRNA quantification, the follow-
ing commercial miScript Primer Assays (Qiagen) were
used: MIR23B, MIR28, MIR93, MIR122, MIR144, MIR200A,
MIR212, MIR383, and MIR510. miScript Primer Assay for
RNU6B was used for normalization of qPCR results in
miRNA studies. Cycling was carried out as recommended in
the PCR Kit with annealing temperatures of 60-68 or 55°C for
mRNA and miRNA, respectively. Fluorescence signals were
measured continuously during repetitive cycles in order to
detect Ct values for target RNA and reference (GAPD or
RNUG6B) in the samples. Relative expression levels of mRNA
or miRNA targets were calculated using 27**“" method

(18], where AACt = (Cyyrger rna — CloarD or RNU6B)Sample -

(Cliarget RNA ~ CLGAPD or RNUSB) oference sample”

2.4. Statistical Analyses. Statistical analyses were performed
by using IBM SPSS Statistics software, v. 22.0.0.0 (IBM
Corporation, Armonk, NY, USA). The significance of asso-
ciations was defined by using Mann-Whitney U test and
Spearman’s rho test with correlation coefficient. Kaplan—
Meier curves with the log-rank test were applied in survival
analysis. In survival analyses, median mRNA and miRNA
levels were used as a cut-off for two-classed variable. Disease-
specific survival (DSS) was calculated from the time of
diagnosis to the time of confirmed Hodgkin lymphoma-
related death and relapse-free survival (RFS) from the time

of diagnosis to the confirmed relapse. Values of p of less than
0.05 were considered significant.

The ethical committee of the Northern Ostrobothnia
Hospital District approved the study design. During the data
collection and management, the principles of the Declaration
of Helsinki were followed.

3. Results

CD3, CD20, and CD30 immunohistochemistry were applied
to 37 (90.2%) samples. The median expressions of CD3,
CD20, and CD30 were 65%, 35%, and 7%, and the ranges of
expression were 30-95%, 5-80%, and 1-55%, respectively.

CD3 expression correlated with CD20 expression highly
significantly (p = 0.000040; » = 0.615). mir23b correlated
inversely with CD3 and CD20 expressions (p = 0.00076; r =
-0.523 and p = 0.0012; » = —0.507) and miR144 with CD3,
CD20, and CD30 (p = 0.030; r = —0.352, p = 0.041; r =
—-0.333 and p = 0.0032; r = —0.47, resp.). These and other
correlations between CD3, CD20, and CD30 and redoxmiRs
and mRNAs are presented in Table 2.

Higher redox regulator mRNA levels associated consis-
tently with the traditional factors of poor prognosis (Table 3).
PRDX I mRNA expression associated with the presence of
limited stage risk factors (p = 0.027) and was the most highly
expressed in nodular sclerosis subtype, following mixed cell
histology, and the least expressed in the tumors with classical
lymphocyte-rich subtype (p = 0.008). MnSOD mRNA
expression associated with the presence of B-symptoms (p =
0.006) and higher Nrf2 mRNA levels with the presence of
risk factors of limited disease (p = 0.027). Nrf2 and Keapl
mRNA expressions correlated strongly with each other (p =
1.09 x 107, 7 = 0.787).
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TABLE 3: Two-sided p values < 0.05 when the clinicopathological parameters are set against mRNA and miRNA expression. T and | indicate

the direction of the correlation.

Stage
Limited Advanced

Expression of

Histol
mMRNA or miRNA  0:08Y

B-symptoms

Risk factors Disease-specific survival

Limited disease Advanced disease Limited disease Advanced disease

PRDX I 0.008"
miR-510
PRDX II
miR-1227
PRDX III
miR-23bT
miR-3837
MnSODT
miR-212T
Nrf2]
miR-28T
miR-93
miR-144
Keapl
miR-200aT

0.037

0.021
0.014

0.025
0.013
0.006

0.019"

0.047

0.036

0.044"

0.027

0.015

0.015

0.045

0.027

'Most frequently expressed in nodular sclerosis subtype followed by mixed cell histology and least expressed in lymphocyte-rich subtype.

miR-383 (p = 0.019) and miR-200a (p = 0.044) were
the most frequently expressed in the tumors with nodular
sclerosis histology, following mixed cell histology. It was
least expressed in the tumors with classical lymphocyte-
rich subtype. miR-383 also associated with the presence of
advanced disease (p = 0.014) and B-symptoms at the time
of diagnosis (p = 0.013). Likewise, miR-23b associated
with advanced stage (p = 0.021) and B-symptoms (p =
0.025). miR-212 and miR-28 levels were elevated in advanced
stage tumors (p values 0.047 and 0.036, resp.). High miR-122
expression associated with the presence of B-symptoms.

Higher MnSOD mRNA levels associated with shorter
disease-specific survival (DSS), but only in the patients with
advanced disease (p = 0.045). miR-122 levels over median
were also in association with poor DSS (p = 0.015) in the
whole patient population.

When the results were standardized according to the
CD30 expression (miRNA or mRNA variable divided by
CD30 expression), there were no significant associations
with stage, histology, chemotherapy response, or risk factors.
Instead, higher miR212 and miR510 levels predicted worse
RES (p = 0.049 and p = 0.0058, resp.) (Figure 1).

4. Discussion

We report here a potential role of high mitochondrial antiox-
idant enzyme MnSOD mRNA levels in predicting worse
prognosis of patients with untreated classical HL. This is
in line with our previous study assessing MnSOD protein
expression in HL [2] and may be related to the role of MnSOD
in chemoresistance. In addition, miR510, PRDX I suppressing
redoxmiR, was a highly significant predictor of dismal RFS
when miR510 level was related to CD30 protein expression.

The most common first-line treatment of classical HL
is ABVD, consisting of intensive dosing of doxorubicin,
bleomycin, vinblastine, and dacarbazine. The mechanism of
action of these drugs is closely linked to ROS generation,
especially in the case of bleomycin. Although doxorubicin
and vinblastine have other mechanisms of action, they also
induce ROS generation leading to enhanced oxidative stress
and eventually apoptosis [19, 20]. Dacarbazine produces also
toxic amounts of ROS contributing to cell lysis [21]. Increas-
ing evidence suggests that antioxidant enzyme levels may
confer to chemoresistance in solid tumors, although evidence
is still scarce in lymphomas [22, 23] and almost absent in HLs.
We previously reported that stronger immunohistochemical
MnSOD expression is a predictor of worse RFS in classical
HLs. Consistently, in the current material MnSOD mRNA
levels associated with poor DSS rates. This was observed
only with the patients with advanced disease, among the
patient group most eagerly requiring novel prognostic and
predictive factors to guide treatment intensification. miR-
212 has been identified to interact with MnSOD mRNA
and miR-212 downregulation is able to promote colorectal
cancer metastasis growth in animal models [24]. This effect
seems to be cancer-specific since in the current material
increased miR-212 level was associated with advanced rather
than limited stage. High miR212 levels also predicted worse
RES, when the expression was related to CD30 expression.

Both plasma miRNA levels and specific miRNA signa-
tures have been demonstrated to have prognostic significance
in classical HL [25, 26]. Although there are no previous
publications on the miRNA regulation of redox status in HL,
there is a plenty of data on the impact of miRNAs to redox
regulators in other cancers. miR-28, miR-144, and miR-93
have been shown to directly repress the major antioxidant
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FIGURE 1: Kaplan-Meier curve of disease-specific survival according to MnSOD mRNA level only in patients with advanced stage (a) and
miR-122 level in the whole patient population (b). Relapse-free survival is demonstrated when miR212 (c) and miR510 (d) are standardized

according to the CD30 expression.

response inducer Nrf2 mRNA [27]. On the other hand, there
is emerging evidence that Nrf2 can regulate the expression
of various miRNAs [28]. Nrf2 has emerged as a prognostic
factor in multiple solid carcinomas [29-31] and the blockage
of Nrf2 by siRNA leads to the inhibition of tumor growth and
increased chemosensitivity [32]. We found that Nrf2 mRNA
levels associated with the presence of traditional risk factors
of limited stage HL and miR-28 was clearly overexpressed
in the advanced disease. Although the results with miR-28
are more difficult to explain with the current knowledge
of its function, our data suggests that Nrf2 may accelerate

HL lymphomagenesis. This would be in line with multiple
solid carcinomas, but, to confirm this hypothesis, more
mechanistic approach should be adopted in further studies.
In addition, we noted that Keapl and Nrf2 mRNA levels
had extremely significant correlation. Although this seems
logical based on the inhibitory function of Keapl against Nrf2
activation, to the best of our knowledge this correlation has
been previously reported only at protein level, but not at
mRNA level [33].

In solid tumors PRDX overexpression has been con-
nected to chemoresistance and radiotherapy resistance, the



best data being available from PRDX II [34, 35]. There is
increasing evidence from in vitro studies that PRDX II may
block especially doxorubicin-mediated cell death [36, 37].
PRDX I and II overexpression have also been connected
to poorer prognostic factors in several carcinomas [36, 38-
40]. In the present study PRDX I associated with more
aggressive histological subtypes of classical HL and the
presence of risk factors in limited stage patients. Although
these are surrogates to aggressive disease course in general,
no link between PRDX I mRNA expression and survival or
chemoresistance was observed. miR510 has been proposed as
PRDX I 3'UTR binding, tumor growth promoting oncomiR
in breast cancer [41, 42], while in ovarian cancer high miR510
expression levels associate with better outcome [43]. When
we standardized miR510 expression with CD30 expression,
none of the patients with low mir510 expression had relapse
during the follow-up, compared to the dismal RFS of 63% at
6 years in those with high mir510 levels. Furthermore, high
levels of PRDX II mRNA targeting miRNA, miR-122 [44],
associated with the dismal outcome in the current material.
The prognostic role of miR-122 has been previously quite
extensively studied especially in hepatocellular carcinoma
with both worse and better survival being reported [45-47].

miR-23b and miR-383 have been recognized to downreg-
ulate the mitochondrial isoform of PRDX family, PRDX III
[48, 49]. miR-23b and miR-383 were linked to advanced stage
and B-symptoms and miR-383 associated also with poor risk
factor profile of limited disease and to more aggressive his-
tological subtype. miR-23b is a well characterized miRNA of
aggressive features of several solid carcinomas (“oncomiR”)
and may induce tumor survival, accelerate glioma invasion,
and promote prostate cancer cell proliferation by regulating
PTEN and its downstream signaling [50, 51]. In gastric cancer
miR-23b associated with unfavorable survival [52]. The exist-
ing evidence from miR-383 suggests its tumor-suppressing
role in vitro, for example, hepatocellular, pancreatic, and
esophageal carcinomas [53-55]. This is in contradiction with
our results, which suggested both miR-23b and miR-383 act
clearly oncogenic in Hodgkin lymphomas.

CD30 is a well-known marker for Hodgkins cells in
classical Hodgkin’s lymphoma. Hodgkin’s lymphoma is a type
of neoplastic disease where the tissue contains abundant
reactive elements. Of lymphocytes T cells are overwhelmingly
present but B cells and macrophages constitute also a signifi-
cant part of the reactive elements in tumor tissue. No reports
have been published on CD30 and miRNAs studied here. In
ALK negative large anaplastic lymphomas there was a high
miR-155 expression [56]. Interestingly, miR-155 is also highly
expressed in Hodgkin lymphoma cell lines, but CD30 is not
a target for this miRNA even though anaplastic large cell
lymphoma and Hodgkin lymphoma both share its expression
[57]. Additionally, miR-155 is elevated in all B cell ymphomas
except Burkitt’s ymphoma [58].

CD3 complex mediates activation of the T cell receptor
across the plasma membrane [59]. Since T cells are most
abundantly expressed in Hodgkin lymphoma low miR-23b
or miR-144 expression would be expected to be due to low
miRNA synthesis in these cells. In scanning miRNA levels
from blood cells these miRNAs were not, however, found to
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be present among the most over- or underexpressed miRNAs
in CD3 or CDI9 positive cells [60]. miR-23b or miR-144
are not either targets against CD3 gene complex [61]. The
miRNAs studied here, however, are regulating the Nrf2/Keapl
axis in these cells, and in activated T or B cells their expression
may change. The inverse association of CD3 as well as CD20
with miR-23b or miR-144 thus suggests a promotion of Nrf2
related antioxidative response in the lymphatic elements. In
line with this, high miR-144 levels have been shown to reduce
Nrf2 levels [62]. miR23, on the other hand, has an impact
on Keapl synthesis [63]. All in all, the associations between
CD30, CD3, CD20, and the miRNAs shown in this study most
likely reflects the activation of the oxidative defense system in
stromal lymphocytes and Hodgkin cells.

5. Conclusions

This study gives support to the previous evidence that
MnSOD expression could have prognostic impact in
untreated advanced HL. It is possible that MnSOD mRNA
levels could also be used as predictive factor, but this has to
be assessed in future studies. Several redoxmiRs, especially
miR510, also appear as potentially interesting indicators of
aggressive disease course and should be validated in larger
cohort of HLs, the most optimally with microdissection
technique enabling assessing different tumor compartments
separately.
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