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Abstract: Hodgkin lymphoma (HL) is a rare lymphoid neoplasm in which Hodgkin/Reed-Stenberg
(HRS) cells are admixed with a population of non-neoplastic inflammatory cells and fibrosis. Dys-
regulated expressions of cell cycle regulators and transcription factors have been proven as one of
the hallmarks of HL. In that context, SATB1 and p16 have been reported as potential regulators of
HL progression and survival. However, to date, no studies have assessed the expression levels of
SATB1 and p16 in HL in Croatian patients or their prognostic values. Therefore, we investigated the
expression pattern of SATB1 and p16 in paraffin-embedded lymph node biopsies using standard
immunohistochemistry. We found that 21% of the patients stained positive for SATB1, while 15% of
the patients displayed positive staining for p16. Furthermore, we aimed to understand the prognostic
value of each protein through the analysis of the overall survival (OS) and progression-free survival
(PES). SATB1 showed a significantly positive correlation with better OS and PFS, while p16 expression
had no impact. Interestingly, when patients were stratified by a combination of the two studied
markers, we found that patients in the SATB1+/p16- group tended to have the best prognosis in HL,
according to statistical significance. In conclusion, SATB1 and p16 might be potentially useful as
diagnostic and prognostic markers for HL.

Keywords: SATB1; p16; Hodgkin lymphoma

1. Introduction

Hodgkin lymphoma (HL) is a rare monoclonal lymphoid neoplasm in which Hodgkin/
Reed-Stenberg (HRS) cells are admixed with a population of non-neoplastic inflammatory
cells and fibrotic tissue [1]. In most cases of classical Hodgkin’s lymphoma (cHL), HRS
cells are derived from mature B cells that have lost most of their B cell phenotype [2]. They
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typically express cluster of differentiation 30 (CD30) in almost 100 percent of HL cases
and CD15 in the majority of cases, while leukocyte common antigens CD45 and CD3 are
typically not expressed [3]. Additionally, expression of common B cell antigens (CD20,
CD79a, CD19) is typically absent [4,5]. RSs (Reed—Sternberg cells) are responsible for pro-
ducing various cytokines that are crucial for enhancing the surrounding reactive infiltrate.
Reactive cells can also produce cytokines that contribute to the survival and proliferation of
malignant cells [6]. The two distinct entities of HL include the following: cHL and nodular
lymphocyte-predominant HL (NLPHL; called nodular lymphocyte predominant B cell
lymphoma in ICC) [7]. To date, the available treatments for HL can attain long-term disease
control in most patients. However, 5-10% of patients will have refractory disease after
initial therapy and about 10-30% will relapse [8]. Those patients represent a therapeutic
challenge in hematology. Therefore, there is a need for better risk stratification to identify
patients who are unlikely to respond well to standard therapeutic approaches. Additionally,
the need to determine even more precise prognostic factors drives a tendency to reduce
the toxicity of treatments. A better understanding of the pathogenesis of HL could lead to
the development of new therapeutic targets. Overall, 1-10% of HRS cells in a tumor are
incorporated within the background of the inflammatory infiltrate, making them difficult
to detect [9]. So far, it has been shown that the majority of HRS cells are in the G1, S, or G2
phase of the cell cycle with impaired cell cycle and apoptosis regulation [4].

Special AT-rich sequence-binding protein-1 (SATB1) is a transcriptional regulator and
genome organizer with the ability to regulate hundreds of genes, for which interest has
increased in recent years as a tumor marker [10]. The expression of SATB1 has an important
role in the development of T-cells [11]. Dysregulated SATB1 expression was shown to be
involved in the pathogenesis of T-cell lymphoma [12]. Many studies have shown that loss of
SATB1 expression is linked to the progression of mycosis fungoides, and moderate to high
SATBI expression is associated with a better prognosis in cutaneous T-cell lymphoma [13].
One study showed that aberrant SATB1 overexpression occurs in the majority of cutaneous
CD30-positive lymphoproliferative diseases (CD30+ LPDs), which are characterized by
the presence of CD30+ anaplastic large T cells [14]. Wang and colleagues demonstrated
in their research that SATB1 overexpression leads to p21 silencing, making its expression
inversely associated with SATB1 overexpression. SATBI inhibits cell cycle inhibitor p21
expression by directly binding to the specific locus of CDKN1A promoter and contributes
to disease progression [14]. However, SATB1 is highly expressed in many malignancies
and linked to poor prognosis, distant metastasis, and an aggressive phenotype [11]. The
expression of SATB1 in lymphoma remains unclear and contradictory [15]. Recently, a
study showed that SATB1 overexpression is an independent factor for overall survival
(OS) and progression-free survival (PFS) in patients with diffuse large B cell lymphoma
(DLBCL) [16]. So far, no studies on the impact of SATB1 on the OS or PFS have been
performed in HL.

P16 is known as a tumor suppressor protein and is a member of the Cyclin-Dependent
Kinase (CDK) inhibitor family. Its well-known and important role as a negative regulator of
the cell cycle involves blocking the G1 phase and preventing progression to the S phase [17].
Different studies have described a connection between the loss of p16 and patient outcomes
in those with HL. For example, Calio and colleagues showed that higher levels of p16 and
p21 are independent prognostic factors and have important protection against relapse [18].
On the other hand, overexpression of p16 has been described in malignant tumors, showing
uncontrolled cellular proliferation, which can be explained by the negative feedback loop
between retinoblastoma protein (pRB) and p16INK4a [19].

p16 positively regulates the basal expression of p21 in various human cell types [18].
p16 binds to CDK4 and CDKS6, leading to the hypophosphorylation of pRB, which, in turn,
halts the cell cycle at the G1/S phase. In the case of HL, loss of RB has been shown to be a
poor prognostic factor [20].

Taken together, the currently available literature on the roles of SATB1 and p16 in
lymphoma provides contradictory data.
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However, to date, no study on HL has investigated the connection between p16 and
SATBI1. In our current retrospective study, we investigated the expression patterns of
SATB1 and p16 and their connection with clinicopathological data as well as their potential
prognostic value in HL for the first time by means of immunohistochemical staining of
paraffin-embedded lymph node biopsies from a single institution. We hypothesized that
a favorable prognosis in HL is associated with overexpression of SATB1 and loss of p16
expression, which may contribute novel insights into the cell cycle regulation of HRS cells

2. Materials and Methods
2.1. Tissue Samples of Patients

A total of 86 valid archived formalin-fixed, paraffin-embedded lymph node biopsies,
previously histologically confirmed as HL, were included in this retrospective study. These
lymphoma biopsies were retrieved from the archives of the Department of Pathology,
Forensic Medicine and Cytology, University Hospital of Split, and were diagnosed between
2008 and 2018. The diagnoses of these lymphoma cases were established and classified
according to the World Health Organization by a hematopathologist [1].

These 86 lymphoma cases were classified as cHL and NLPHL. cHL was also sub-
divided into subtypes as follows: nodular sclerosis (NS) (n = 60) and mixed cellularity
(MC) (n = 20). Since we had only a few Lymphocyte-Rich (LR) (1 = 4) and Lymphocyte-
Depleted (LD) (n = 1) HL, we grouped these together with one case of nodular lymphocyte-
predominant HL under the category “others” (Table 1). These 86 lymphoma cases included
39 males (45.3%) and 47 females (54.7%), aged 18 to 86 years. In the present study, all
patients included had not received chemotherapy or radiotherapy for any other malignant
disease prior to their diagnosis of Hodgkin’s lymphoma. The information about the patients’
clinical and laboratory characteristics as well as treatment outcomes was obtained from
hospital records. In this study, the exclusion criteria included a previously diagnosed ma-
lignant disease and incomplete medical documentation. The study protocol was approved
by the Ethics Committee of the University Hospital Split (2181-147-01/06/M.S5.-19-2). All
procedures were performed in accordance with the Helsinki Declaration.

Table 1. Demographic and clinicopathological characteristics of HL patients [ = 86].

number of patients 86
age [years, median], IQR [years] 41,28 to 55
sex [n, %]
female 47,54.7%
male 39, 45.3%
histological type [1, %]
mixed cellularity 20, 23.3%
nodular sclerosis 60, 69.8%
other 6,6.9%
clinical stage [1, %]
I 9,10.5%
II 42, 48.8%
1II 16, 18.6%
v 19,22.1%
+ extranodal localization [n, %] 15, 17.4%
+ B symptoms [n, %] 54, 62.3%
+ bulky disease [n, %] 15,17.4%
EORCT [for stages I and II, n, %]
0 13, 25.5%
1 15, 29.4%
2 16, 31.4%
3 7,13.7%
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Table 1. Cont.

GHSG [for stages I & II, 1, %]

0 12, 23.5%
1 15, 29.4%
2 18, 35.3%
3 6,11.7%
IPS [for stages IIT and IV, 1, %]
1 8,22.9%
2 10, 28.6%
3 12, 34.3%
4 2,5.7%
5 3,8.6%
ECOG [n, %]
0 64, 74.4%
1 18, 20.9%
2 4,4.7%

Abbreviations: IQR, interquartile range; n, number of cases; EORCT, European Organization for the Research and
Treatment of Cancer; GHSG, German Hodgkin’s Study Group; IPS, International Prognostic Score; ECOG, Eastern
Cooperative Oncology Group.

Patients were staged according to the Ann Arbor staging system [21]. Pretreatment
evaluation included clinical examination, laboratory tests, imaging (chest/abdomen CT),
bone marrow evaluation, and echocardiograms for the evaluation of cardiac function.
It should be noted that recently, staging has also been performed by PET/CT. We also
estimated each patient’s fitness for treatment according to the ECOG score [22]. Bulky
disease was defined as an abdominal or mediastinal mass >10 cm or greater than one-third
of the internal transverse diameter of the thorax. For early-stage disease (I/1I), we used
prognostic factors EORTC (European Organization for the Research and Treatment of
Cancer) and GHSG (German Hodgkin’s Study Group) [23]. For advanced-stage disease
(III/IV), we used the international prognostic score (IPS) [24]. The patients were treated
with chemotherapy protocols in the first line (ABVD, escBEACOPP, COPP, MOPP) with
or without field radiotherapy, depending on the assessed stage of the disease, ECOG
score, and comorbidities. Response assessment was defined as complete remission (CR)
with no clinical, physical, or radiological evidence of disease. Partial disease (PR) was
defined as a reduction of at least 50% measurable lesions with no increase in the size of
other nodes, liver, or spleen. Progressive disease or treatment failure was defined as an
increase in any measured lesions or the appearance of new lesions [18]. Clinical follow-up
after therapy was conducted at intervals of every 3 months for the first two years, then
every 6 months for the following 3 years, and thereafter, annually. During each visit, a
detailed medical history was taken (constitutional symptoms, pruritus, lymphadenopathy,
dyspnea, wheezing), and a physical examination was conducted to exclude relapse or
treatment-related complications, especially in the first three to five years after therapy.

2.2. Immunohistochemical Staining

The tissue blocks were cut into 4 um sections. Immunohistochemical slides were fixed
for 30 min on a hot plate at 60 degrees Celsius. The entire immunohistochemical procedure
was performed on the Ultra Benchmark (IHC/ISH Staining Module, Ventana, Tucson, AZ,
USA) according to the manufacturer’s instructions. The specified procedures included
deparaffinization, boiling in ultra CC1 buffer, antibody incubation, using the detection kit
(UltraView Universal DAB Detection Kit, Ultra Benchmark, Tucson, Arizona, USA), and
counterstaining with hematoxylin. Sections from tissue blocks were immunohistochemi-
cally analyzed with the following primary antibodies: p16 INK 4a (clone JC8; Santa Cruz
Biotechnology; dilution 1:100) and SATB1 (clone C6; Santa Cruz Biotechnology; dilution
1:100). The quantitative evaluation of p16 and SATB1 in HRS was performed under a light
microscope (Olympus BX46, Tokyo, Japan).
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Human cervical carcinoma was used as a positive control for p16. We considered HRS
cells positive for p16 if there was staining in the cytoplasm, nucleus, or both. Evaluation
for the presence of positive expression of p16 (INK4a) was scored in the following way:
negative (score 0), destitute of expression or in less than 10% of the positive HRS cells; low
(score 1), 10% to 29% positive HRS cells; moderate (score 2), 30% to 59% of positive HRS
cells; and high (score 3), >60% of positive HRS cells [18].

The positive control for SATB1 was the reactive microenvironment (lymphocytes). We
considered HRS cells positive for SATB1 if there was staining in the cytoplasm, nucleus,
or both. To evaluate SATB1 expression, we utilized the Immunoreactive Score (IRS) by
Stenger, which was obtained by multiplying the staining intensity (SI) by the percentage
of positive cells (PP) [25,26]. The staining intensity scoring of HRS-positive cells was
performed as follows: negative—0 points; weak (pale yellow)—1 point; moderate (yellow-
brown)—2 points; and strong (dark brown)—3 points. Positive HRS cells were scored as
follows: 0-9% is 1 point; 10-50% is 2 points, and >50% is 3 points. If the result obtained
by multiplying the two mentioned scores was 1 or lower, it represented negative SATB1
expression or reduced /absent expression. If the result was greater than 1, it represented
positive SATB1 expression.

To evaluate the HRS expression of SATB1 and p16, ten microphotographs of random
fields were taken under a light microscope (magnification 40 x) for each sample. A patholo-
gist examined the tissue blocks and was blinded to the patients’ clinical, laboratory, and
pathological data.

2.3. Transcriptomic Analysis

Data for transcriptomic analysis were obtained from the Gene Expression Omnibus
[GEO] database, GEO Accession viewer (nih.gov) [27]. They were uploaded to the Gene
Pattern web suite (GenePattern, [28]) with the GEO importer tool for further analysis. To
define genetic signatures, the Molecular signature database with its Gene ontology sets (C5)
(GSEA | MSigDB | Browse Human Gene Sets (gsea-msigdb.org, [29]) was used. Further-
more, single-sample Gene Set Enrichment Analysis (GSEA) [30] with rank normalization
was performed with the ssGSEA tool; its output was further statistically analyzed, as
described in the next subsection.

2.4. Statistical Methods

Categorical data are presented as fractions (%) and counts; continuous data are pre-
sented as medians and interquartile ranges. Time-to-event data were modeled with an
exponential decay-to-plateau equation (S(t)—survival probability at time t, S(t 0)—survival
probability at the beginning of this study, S(P)—survival probability plateau; and the k-rate
constant from which half-life can be calculated). To determine whether the expression
of the studied markers could stratify the studied cohort, a null model in which a single
survival curve describes all subpopulations was compared to the model in which each
subpopulation is described by its own survival curve. Model comparison was performed
by the Akaike information criterion (AIC), the F test, and standard model diagnostic tools.
Uncertainty in parameter estimation is expressed as standard error (i.e., 68% confidence
interval). To quantify the correlation between markers and preselected gene expression sig-
natures, Reduced Major Axis (RMA) regression was used. GraphPad Prism 10 (GraphPad
Software, Boston, MA, USA) and Past4 [31] were used.

3. Results

A total of 86 valid archived formalin-fixed, paraffin-embedded lymph node biop-
sies, previously histologically confirmed as HL, were included in this retrospective study
(Table 1). The male-to-female ratio was roughly equal, and the median age was 41 years.
Most of the patients had stage II disease, and the most common histological type was
nodular sclerosis. More than half of the patients had B symptoms, while roughly a fifth
of the patients had extranodal or bulky disease, and three-quarters of the patients had an
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ECOG functional score of 0. Roughly speaking, 80% of the patients were treated with the
ABDV protocol, 10% with the COPP protocol, and 5% with some form of BEACOPP; the
remaining 5% of the patients were treated with some combination of these three protocols.
In addition to chemotherapy, 42% of the patients received radiation treatment. The median
follow-up time was 50 months, and the range was from 1 to 197 months.

3.1. SATBI1 Expression Associated with a More Favorable Prognosis

SATBI1 expression was positive in 21% (n = 16) patients (Figure 1A), and the level
of SATB1 expression was ranked by the previously described score. SATB1 expression
was able to stratify patients in terms of overall survival (OS, p < 0.0001, AAIC =148.9,
ER > 100, Figure 2a) and progression-free survival (PFS, p < 0.0001, AAIC = 194.5, ER > 100,
Figure 3a). The OS of SATB1-positive patients was characterized by a population half-life of
4.5 + 1.2 months and a survival plateau of 87 £ 1% (Figure 2a). The SATB1-negative group
demonstrated a much longer half-life of 84 + 13.2 months; however, a survival plateau was
not observed during the follow-up; the last survival probability observed was 72% after
12 years of follow-up. On the other hand, extrapolation from the exponential model with
plateau predicted the plateau at 58 & 0.4% of survival probability.

Regarding PFS, SATB1-positive patients relapsed at a rate characterized by a half-life of
14.5 £ 1 months and a probability of relapse settled at the plateau of 87 &= 1%. On the other
hand, SATB1-negative patients relapsed at a slower rate with a half-life of 31.1 £ 1 months,
eventually reaching a plateau of 62 &= 0.5% probability of relapse (Figure 3a).

SATB1 expression did not stratify patients in any other clinical or pathological variable
(Table S1). Likewise, it did not correlate with response to the first line of chemotherapy
(Table S1).

+ CTRL SATB1 p16
S e o < T
Piey » . A
v - : .
S oW TR & N e ¥
RS - ; ,
e 3 o -
e " , S -
: 3}
.1 5 * |- > iyl < :
S S Rl S
e ag ). s N e
3 » s ] A\Q
Ty " ¥
e e S
n S8 AT TR, T, 2 e e,
D AT Y S Y D
o B iier SRR e o S
el ST o TS REN S
8 [ A ; %
a0 3050 8 «
‘@
- ; %
‘ A R - L
& ? e s
b et S 'S s o
4 A, ¥ eI .
“; \ -A 3 C) d ALY
A ! o i 4
2l o . L B e g
o .49 e Y o S SRS
& 5 oY » I %
o ps '
3 B 40x ' % 40x

Figure 1. Inmunohistochemical staining of (A) SATB1 and (B) p16 in lymph node biopsies of patients
with Hodgkin lymphoma according to positivity score (1-3). The positive controls for SATB1 were
surrounding lymphocytes; for p16, they were cervix adenocarcinoma cells. Pictures were taken at
40 x magnification. Arrows indicate HRS cells. Abbreviations: +CTRL, positive control.
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Figure 2. Kaplan-Meier analysis of overall survival (OS) for SATBL1 (a) and p16 (b). (a) The OS
of SATB1-positive patients was characterized by a population half-life of 4.5 + 1.2 months and
a survival plateau of 87 = 1%. The SATBI-negative group demonstrated a much longer half-life
of 84 £ 13.2 months; however, a survival plateau was not observed during the follow-up; the last
survival probability observed was 72% after 12 years of follow-up. (b) Patients positive for p16
staining showed a half-life of 1.4 &+ 0.77 months and a survival probability plateau of 75 £ 1.3%.
Patients who were negative for p16 exhibited a half-life of 58 + 6.1 months and the same survival
plateau probability of 71 & 1.4%. Abbreviations: neg., negative; pos., positive, mo., month.
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Figure 3. Kaplan—-Meier analysis of progression-free survival (PFS) for SATB1 (a) and p16 (b).
(a) SATB1-positive patients relapsed at a rate characterized by a half-life of 14.5 4+ 1 months and a
probability of relapse settled at the plateau of 87 + 1%. On the other hand, SATB1-negative patients
relapsed at a slower rate with a half-life of 31.1 & 1 months, eventually reaching a plateau of 62 + 0.5%
(b) pl6-positive patients exhibited a faster rate of relapse (PFS half-life = 0.97 £ 0.57 months) than the
plé-negative patients (PFS half-life = 13.6 & 0.68 months). However, the probability of relapse settled
to an almost identical plateau in both groups, that is, 68 + 0.5% for p16- patients and 67 + 2% for
pl6+ patients. Abbreviations: neg., negative; pos., positive, mo., month.

3.2. p16 Expression Does Not Seem to Change Long Term Prognosis

Overall, 15% [n = 12] of the patients” samples stained positively for p16 (Figure 1b).
Expression of p16 could also stratify patients in terms of OS (p < 0.0001, AAIC =109.3,
ER > 100) and PFS (p < 0.0001, AAIC = 30.65, ER > 100) (Figures 2b and 3b). A subpopulation
of patients positive for p16 staining showed a half-life of 1.4 & 0.77 months and a survival
probability plateau of 75 £ 1.3%. The subpopulation of patients who were negative for
p16 exhibited a half-life of 58 + 6.1 months and the same survival plateau probability of
71 £ 1.4% (Figure 2b).



Cells 2024, 13,1323 8 of 14

Similar to OS, p16-positive patients exhibited a faster rate of relapse (PFS half-life =
0.97 £ 0.57 months) than the pl6-negative patients (PFS half-life = 13.6 & 0.68 months).
However, the probability of relapse settled to an almost identical plateau in both groups,
that is, 68 £ 0.5% for p16- patients and 67 & 2% for pl6+ patients (Figure 3b).

Similar to SATBI, p16 expression did not stratify patients in any other clinical or
pathological variable (Table S2). It did not correlate with response to the first line of
chemotherapy (Table S2).

3.3. SATB1+/p16- Patients Have the Most Favorable Prognosis

When the patients were stratified by a combination of the two studied markers, it was
shown by graphical data analysis that the SATB1+/p16- group (n = 12) of patients seemed
to have the best prognosis (Figure 4a). However, since the SATB1+/p16+ and SATB1-/p16+
groups had eight and four patients, respectively, we decided to combine them in a single
pl6+ group in order to proceed with the modeling of OS and PFS.
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Figure 4. Stratification of the patient cohort by SATB1 and p16. (a) The SATB1+/p16- group (n = 12) of
patients seems to have the best prognosis. (b) Dividing the study population into three subpopulations
based on SATB1 and p16 expression resulted in a more parsimonious and accurate model than the
one that ignored such information regarding OS (p < 0.0001, AAIC = 147.9, ER > 100). SATB1+/pl6-
patients reached the survival plateau of survival probability at 90.7 £ 0.54%; on the other hand, SATB1-
/p16- patients had the last observed survival probability of 74% and a predicted, but not observed,
survival plateau at 60 £ 0.5%. (c) If PFS was analyzed in the same way, it turned out that SATB1-/p16-
and p16+ subpopulations follow the same dynamic (p = 0.7, AAIC = —9.672, ER = 1/126), with a
half-life of 14.7 £ 1 months and a plateau of 63.4 &= 0.7%. On the other hand, the PFS curve of the
SATB1+/p16- population was almost identical to the OS curve of the same group. Abbreviations:
mo., month; AIC, Akaike information criterion; OS, overall survival; PFS, progression-free survival;
ER, evidence ratio.

Dividing the study population into three subpopulations based on SATB1 and p16
expression resulted in a more parsimonious and accurate model than the one that ignored
such information regarding OS (p < 0.0001, AAIC = 147.9, ER > 100). SATB1+/p16- patients
reached the survival plateau of survival probability at 90.7 £ 0.54%; on the other hand,
SATB1-/p1l6- patients had the last observed survival probability of 74% and a predicted,
but not observed, survival plateau at 60 + 0.5% (Figure 4b). Patients positive for p16 did
not exhibit a clear survival plateau, i.e., models with or without a survival plateau were
equally likely (p = 0.0761, AAIC = —0.03, ER = 1.02) (Table S3). Regarding event rates, p16+
patients had a half-life of 1.4 months, whereas those who were negative for both markers
showed a half-life of 83.6 = 12 months.

When PFS was analyzed in the same way, it turned out that the SATB1-/p16- and p16+
subpopulations followed the same dynamic (p = 0.7, AAIC = —9.672, ER = 1/126), with ta
half-life of 14.7 & 1 months and a plateau of 63.4 £ 0.7%. On the other hand, the PFS curve
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of the SATB1+/p16- population was almost identical to the OS curve of the same group
(Figure 4c).

3.4. Analysis of Publicly Available Transcriptomic Datasets

We performed gene set enrichment analysis on publicly available transcriptomic
data from the NCBI GEO database and found one data series with eight HL patients
(GSE120124, [32]). The SATB1 transcript highly positively correlated with B cell differ-
entiation (r = 0.72; p = 0.009) and moderately with B cell apoptosis (r = 0.64; p = 0.018)
genetic signatures; on the other hand, it moderately inversely correlated with response
to xenobiotic (r = —0.57, p = 0.024), i.e., detoxification, genetic signatures. P16 expression
correlated moderately inversely with the pro B cell differentiation gene expression signature
(r=—-0.67, p = 0.017) (Figure 5).

9.0+ 9.0+
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Figure 5. Correlation of genetic signatures with SATB1 and p16. The SATBL1 transcript positively
correlated with B cell differentiation, B cell apoptosis genetic signatures and inversely correlated
with response to xenobiotic. P16 expression correlated inversely with pro B cell differentiation gene
expression signature.

4. Discussion

Hodgkin lymphoma is a relatively rare monoclonal lymphoid neoplasm of HRS cells
mixed with non-neoplastic inflammatory cells and fibrotic tissue. In cHL, HRS cells derive
from mature B cells; however, they lose most of the markers of normal B cells. These cells
virtually always express CD30 and usually express CD15, but they do not contain CD45,
CD3, or common B-cell antigens such as CD20, CD79a, or CD19. HRS cells are capable
of producing cytokines that fuel the adjacent reactive infiltrate, thereby nourishing the
malignant cells [1-6].

HL is divided into the following categories: cHL and NLPHL. The treatments available
at the moment offer long-term disease control in most cases to patients; however, 5-10%
have refractory diseases, and 10-30% have a relapse, considered therapeutically challenging.
In this regard, improved risk stratification and the identification of more precise prognostic
factors are critically relevant. A better understanding of HL pathogenesis may enable new
therapeutic targets and reduce treatment toxicity [7,8].
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According to the available data, HL is most commonly diagnosed in younger popula-
tions [33], which is consistent with our study, where the median age of the patient was 41
years. In the present study, the male-to-female ratio in HL is approximately equal, which
aligns with findings from other studies, especially considering that nodular sclerosis is
the most common subtype [34]. In our study, the most common histological type was
nodular sclerosis, which is consistent with its distribution in economically developed coun-
tries [20,33,35]. The majority of the patients were in stage II (42 patients, 48,8%). Similarly,
Shamoon et al. and SEER (Surveillance, Epidemiology, and End Results program) reported
that about half of the studied patients had stage 1I [36,37].

SATBL is a nuclear protein involved in remodeling and folding chromatin mechanisms
to control the expression of multiple genes, and it is primarily expressed in the CNS and
thymocytes [38]. It is also known that SATB1 regulates the level of histone methylation
and acetylation, which is important in differentiation and apoptosis. To date, studies have
demonstrated the role of SATBI in controlling genes associated with the immune response,
cell proliferation, cell cycle, DNA repair, and various signaling pathways [13,38]. Until
now, little was known about the potential role of SATB1 in HL.

The aim of this study was to investigate the expression of SATB1 and p16 in HL as
well as to determine possible relationships with the clinicopathological data of patients and
their value as survival indicators. In this context, we found that high SATB1 expression
is associated with a more favorable prognosis. However, SATB1 was initially defined as
an oncogene because it is overexpressed in many malignancies, including breast cancer,
colorectal cancer, prostate cancer, liver cancer, bladder cancer, and ovarian cancer. In
most cases, elevated levels of SATB1 in solid tumors are associated with poor prognosis,
distant metastasis, and an aggressive phenotype [11,39]. However, certain studies have also
demonstrated low levels of SATB1 in non-small cell lung tumors with a proven unfavorable
forecast in lung squamous cell carcinomas [40]. The role and significance of SATB1 are
opposite in solid tumors compared with hematological malignancies. Wang and colleagues
demonstrated SATB1 deficiency in Sezary syndrome, an aggressive leukemic variant of
cutaneous T-cell lymphoma (CTCL) involved in apoptosis resistance in tumor cells [41].
On the other hand, in a previous study, SATB1 was considered an oncogene in CD30+
cutaneous T-cell lymphomas because its activity was directed towards silencing p21 [14].
Also, Luo and colleagues concluded that SATB1 can serve as a predictor of a good response
to therapy in acute myeloid leukemia (AML) [42]. It has been shown that a reduction in
SATBI expression enables cellular proliferation in AML through the activation of the NF-«B
signaling pathway [42]. One study previously reported reduced expression of SATB1 in
adult T cell leukemia (ATL), which could increase Jurkat cell invasiveness through the
activation of the Wnt/-catenin signaling pathway [38]. However, Yi and colleagues
demonstrated contrasting results in DLBCL, where increased expression of SATB1 was
found to be an independent prognostic indicator of shorter PFS and OS [16]. The observed
discrepancy in results among hematologic malignancies can be explained by the different
immunophenotypes of the malignant cells. Specifically, CD30 expression is limited to
three hematologic diseases including cHL, anaplastic large cell lymphomas (ALCLs), and
primary cutaneous CD30+ T-cell lymphoproliferative disorders in which SATB1 expression
is associated with a better prognosis. In contrast, tumor cells in DLBCL express common
B cell antigens (CD20, CD79a, CD19), while CD30 is expressed in only 25% of cases [43].
To our knowledge, our retrospective study is the first to associate SATB1 expression with
the clinicopathological characteristics of HL patients and its impact on OS and PFS. In
our study, a positive association between SATB1 and a favorable prognosis in HL was
demonstrated. The mechanism by which SATB1 mediates HL is not known, but it is
likely that multiple potential mechanisms exist, each requiring further investigation. This
favorable association may stem from SATB1’s involvement in immune modulation and
apoptosis [38,41]. Therefore, we postulate that SATB1 overexpression could enhance the
immune system’s recognition of RS cells, leading to more effective immune-mediated
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destruction of the tumor. Additionally, SATB1 may promote apoptosis in RS cells, thereby
reducing the overall tumor burden and improving patient outcomes.

One possible initial mechanism to investigate is the impact of reduced SATB1 expres-
sion in HRS cells on the activity of the NF-«B signaling pathway, a known regulator of
apoptosis dysregulation in HL [44]. The second mechanism to consider is the influence of
SATBI1 on the anti-apoptotic marker BCL2, given the documented overexpression of BCL2
in HRS cells of patients with refractory and early relapsed cHL [45]. A third mechanism
could be the influence of SATB1 on the expression of cytokines such as IL-5, IL-9, IL-§,
CCL5, and CCL28 in the microenvironment of HL. Previous studies conducted in Mycosis
fungoides and Sézary syndrome have shown that SATB1 can influence the expression of
IL5 and IL9 [46]. Lastly, the impact of SATB1 on the presence of EBV and the expression of
STAT3 could be considered, especially given the known overexpression of STAT3 in the
presence of EBV [47].

Altogether, we could suggest a specific role of SATB1 in modulating gene expression
patterns related to the immune response or cellular processes that influence HL patho-
genesis. Additionally, SATB1’s involvement in regulatory networks that affect tumor
microenvironment and immune cell interactions might contribute to its association with
better outcomes in HL. Further investigation is needed to understand these mechanisms
fully. It appears that SATB1’s role can vary depending on the specific type of cancer.

p16 is a well-known tumor suppressor protein that is involved in the regulation of
the cell cycle and apoptosis. In our study, 15% of the samples from patients with HL
were positively stained for p16. Irshad and colleagues reported that the expression of p16
occurs in 52.3% of HL cases and Zhao demonstrated the expression of the p16 protein in
71.7% of HL cases, which is more compared with our study [48,49]. In contrast to our
study, Calio and colleagues demonstrated that patients with HL who have absent or low
expression of p21 and p16 are prone to relapse or do not respond to therapy, as inactivation
of tumor suppressor cellular pathways can lead to uncontrolled proliferation, along with
the well-known role of EBV in inhibiting p16 expression [18]. However, p16 loss could
disrupt the cell cycle in RS cells, rendering them more vulnerable to chemotherapy and
other treatments, thus improving therapeutic efficacy. The variability in the expression of
p16 in samples from patients with HL among different studies can be explained by the use
of different immunohistochemical scoring methods.

The role of p16 in cellular senescence is well-known. It has been shown that increased
expression of p16 in senescent cells acts as a cell cycle inhibitor, resulting in these cells
being negative for Ki67, a proliferation marker [49]. We now know that HRS cells exhibit
senescence characteristics that can have both anti-proliferative functions, limiting tumor
growth, and pro-inflammatory functions by producing cytokines and chemokines that
promote tumor progression [50]. However, overexpression of p16 is associated with poor
prognosis in some solid tumors such as colon and breast cancer [51,52], highlighting the
caution needed when using p16 as a prognostic marker. Increased expression of p16 can
occur following the inactivation of the p16-RB signaling pathway, leading to loss of RB and
creating a negative feedback loop. To date, it has been shown that loss of RB in HL is a poor
prognostic factor that affects overall survival and achievement of complete remission [20].
Therefore, loss of RB could be one of the mechanisms in HL leading to overexpression
of p16 [19,20]. Our current study suggests that p16, by itself, is not suitable as a survival
marker. However, when combined with SATB1 overexpression, its loss indicates a favorable
prognosis, which is consistent with the aforementioned study [19].

We performed gene set enrichment analysis on publicly available transcriptomic data
from the NCBI GEO database. Although our search yielded data for only eight patients
with HL, the investigated results are consistent with our findings. The SATB1 transcript
positively correlated with B cell differentiation and B cell apoptosis genetic signatures, but
it inversely correlated with response to xenobiotics. In contrast, p16 expression inversely
correlated with the pro-B cell differentiation gene expression signature.
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5. Conclusions

Our current study found that patients in the SATB1+/p16- group tend to have the
best prognosis in HL. SATB1 and p16 immunohistochemical staining may serve as useful
prognostic indicators, helping to identify patients with a favorable prognosis. It could
help in the stratification of patients, allowing for more personalized treatment approaches.
Furthermore, understanding the molecular mechanisms behind SATB1 overexpression and
p16 loss in HL could open new avenues for targeted therapies. Modulating these pathways
may enhance treatment responses and improve overall survival rates in HL. Further re-
search is needed to confirm our results and potentially incorporate these antibodies into
routine clinical practice.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells13161323 /51, Table S1: SATB1 expression level correlation
with the clinicopathological characteristics of HL patients at diagnosis and response to the first line of
chemotherapy; Table S2: p16 expression level correlation with the clinicopathological characteristics
of HL patients at diagnosis and response to the first line of chemotherapy; Table S3: Statistical analysis
of the correlation of clinicopathological characteristics and three subpopulations of patients based on
SATB1 and p16 expression.
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