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Cardiac myxomas (CM) and primary cardiac lymphoproliferative disorders (LPD) are rare primary cardiac neo-
plasms. The composite occurrence of LPD in CM has been occasionally reported, and chronic inflammation in
response to viral infection has been suggested to be at the basis of oncogenesis. Cancers can upregulate autophagy
to endure microenvironmental stress and to increase local growth and aggressiveness. CM exhibit a dichotomous
separation in low and high inflammatory grades (LIG vs. HIG). We studied 23 CMs using autophagy-related pro-
teins and NanoString technology for gene expression. Autophagy-related proteins (Beclin-1, LAMP-1, LC3, and
p62) were demonstrated in both tumor and stromal cells. ATG genes showed a progression of involvement in CM
using an 8-gene signature. They were associated with Epstein-Barr virus (EBV) encoded latent membrane pro-
tein 1 (EBV LMP1) activation. We suggest that CM can upregulate autophagy, creating a favorable environment
for EBV-driven oncogenesis. To the best of our knowledge, the present study is the first to report on the TME
using the expression of autophagy-related genes and proteins in CM. The microenvironment of CM is dynamic,
with a variety of cell types and different molecular pathways at play, and this study may clearly warrant further

investigation.

Introduction

Cardiac myxoma (CM) is the most common primary cardiac tumor [
1-4,5]. Lepidic cells in a sparsely cellular myxoid stroma with cord-like,
pseudo-vascular, or vasoformative growth patterns characterize this tu-
mor [4]. Chronic inflammation, fibroblastic proliferation, dystrophic
calcification, and even ossification within the CM have also been de-
scribed [4]. These tumors are histologically benign, slow-growing neo-
plasms of unclear histogenesis, but may be associated with heart failure
and/or cardiac arrhythmias [6-9]. They are most commonly sporadic,
but up to 10% are associated with the Carney complex with a familial
inheritance pattern [10-13]. Viral histogenesis has recently been enter-
tained in some studies [14,15], but refuted by others [16-18]. Lympho-
proliferative disorders (LPD) primarily involving the heart (primary car-
diac lymphoma/lymphoproliferative disorders PC-LPD) are infrequent
[19], and such tumors arising in CM as composite tumors are unique.

Interestingly, all LPD were found incidentally on microscopic exami-
nation of excised CM specimens [19-22] (Supplemental Table 1). Lym-
phomas of B-cell phenotype may indeed co-exist with CM, the majority
of which are diffuse large B-cell lymphoma (DLBCL). In up to 4/5 of
patients, Epstein-Barr virus (EBV) infection can be detected. Despite the
central nervous system (CNS) involvement due to tumor embolization
[21], these patients usually present with clinical-stage 1E (localized in-
volvement of a single extra lymphatic/extranodal myxoma) [19]. These
patients with post-surgical resection of the LPD arising in CM (LPD-CM)
with or without chemotherapy or radiation therapy, on follow-up peri-
ods ranging from 3 months to 10 years, exhibit no evidence of lymphoma
recurrence or dissemination [19,20,23].

The pathogenetic mechanism of LPD-CM has not been substantially
elucidated, but some dysregulation of the immune surveillance has been
occasionally postulated [19,20,23]. The association of DLBCL with EBV
infection but without underlying systemic immunosuppression may
suggest an age-related decline of adaptive immunity or immune senes-
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cence, and an EBV has driven LPD transformation in a cytokine-rich
milieu of a CM [20]. The presence of chronic inflammatory foci in
LPD-CM is further supportive of the mechanistic explanation of local
production of cytokines in stimulating the development of LPD asso-
ciated with chronic inflammation [20,24]. Restriction of tumor cell
proliferation to the CM environment with no evidence of lymphoma re-
currence or dissemination is also intriguing. CM may create an enclosed
microenvironment permitting accumulation of cytokines and EBV-
infected B-cells that can evade T-cell immunosurveillance [21,25-27].

It is now well established that neoplasms co-evolve with the tumor
microenvironment (TME) [28]. The TME includes stromal cells, includ-
ing vasculature, fibroblasts, adipocytes, and different subsets of immune
cells. It plays a crucial role in carcinogenesis, cancer progression, dis-
semination, and resistance to therapy [29,30]. There is a growing body
of evidence to suggest that autophagy is a vital regulator of the TME
and regulating tumor immunity [28,29,31,32]. The multifaceted role
of autophagy in the complex cancer TME depends on a specific con-
text. Autophagy may function as a tumor-suppressive mechanism dur-
ing early tumorigenesis by the elimination of unhealthy intracellular
components and proteins, and regulates antigen presentation to and by
immune cells supporting anticancer immune response [29,31]. Dysreg-
ulation of autophagy is likely to contribute to tumor progression by pro-
moting genome damage and instability, and autophagy in stromal cells
supplying nutrients to cancer cells may fuel cancer growth in established
tumors [31,33]. Cancers can upregulate autophagy to endure microen-
vironmental stress and to increase local growth and aggressiveness.

Autophagy is an evolutionarily conserved intracellular process that
enables the degradation and recycling of long-lived large molecules or
damaged organelles using the lysosomal-mediated pathway [34-38].
Autophagy occurs constitutively at low basal levels and in the mainte-
nance of normal cellular homeostasis but is induced in response to many
types of stress [36,39]. Autophagy dysregulation has been linked to the
development of heart failure, infection, tumorigenesis, neurodegenera-
tion, and aging [32,34,36,37]. The molecular mechanisms of autophagy
have been extensively reviewed, and the TME can be investigated tar-
geting autophagy [28,34,35,37]. The induction of autophagy results in
the recruitment of autophagy-related proteins (ATG) and isolation mem-
branes to form a cup-shaped structure called the phagophore [35]. Ex-
pansion and sealing of the phagophore form a double-membrane vesicle
termed the autophagosome. Delivery along microtubules to lysosome
and fusion of their outer membranes form an autolysosome. Autophagy
can be induced by different kinds of stress, including infection, inflam-
mation, nutrient deprivation, and hypoxia. More than 30 ATG genes
have been involved in the autophagy process [38].

In this study, we aimed to assess the TME in cardiac myxomas. The
NanoString ® gene expression platform was used for gene expression
studies. NanoString is a digital counting technology without any enzy-
matic reactions and accurate for quantifying linear mRNAs. This method
is suitable for analyzing highly degraded RNA isolated from formalin-
fixed paraffin-embedded (FFPE) tissues that are routinely stored in
pathology departments as the probes target short RNA-sequences, and
no reverse transcription (RT) or amplification steps are involved. There-
fore, NanoString ® technology is not prone to artifacts and bias associ-
ated with RT and PCR amplification [40].

Materials and methods

Archival CM cases and histopathology. Twenty-eight formalin-fixed
and paraffin-embedded (FFPE) human cardiac myxomas were retrieved
from files of the University of Alberta Hospital over six years, 2010-
2016, and were used for this study. The ethics committee of the Uni-
versity of Alberta (Edmonton, Canada) approved the study (REB Ap-
proval no. Pro00057260). We used serial deparaffinated sections (4 ym-
thick) for staining procedures, including hematoxylin and eosin (H&E)
and immunohistochemistry. On H&E sections, components of CM-TME
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were identified, and chronic inflammation was graded as low- and high-
inflammatory grade (LIG, HIG).

Immunohistochemistry. Four-um thick sections were obtained from
each FFPE tissue block. The sections were placed on Aptex glass slides,
dewaxed and rehydrated in a graded alcohol series, and stained us-
ing the streptavidin-biotin-peroxidase complex method and counter-
stained according to manufacturers’ protocols. A mediastinal lymph
node was used as a positive control for autophagy markers. A nega-
tive control slide was included in each immunostaining. The primary
antibody replaced by the same isotype (IgG) antibody, targeting dif-
ferent antigens. We used the following antibodies 1. Autophagy mark-
ers: rabbit polyclonal anti — Beclin 1 (ab55878, 1:200 dilution; Ab-
cam), rabbit polyclonal anti — LAMP 1 (ab24170, 1:1000 dilution; Ab-
cam), rabbit polyclonal anti - LC3B (ab63817, 1:200 dilution; Abcam),
SQSTM1/p62 (ab56416 at 1:1000 dilution, Abcam), 2. Myxoma cell
markers: CD31, CD34, Calretinin, negative markers: smooth muscle
(SM) actin, S100 and vimentin, and 3. Inflammatory cells and lymphoma
markers: CD3 (T-cell), CD68 (macrophages), CD45 (leukocyte common
antigen), CD20, PAX5, BCI2, BCL6, c-Myc, Ki67(MIB1), CD10, and CD5.
4. Viral markers: HSV1, HSV2, LMP1 (EBV), and EBER by in-situ hy-
bridization (ISH).

Immunostaining results were evaluated, graded, and scored by ex-
tent (0=none, 1=1-25%, 2=26-50%, 3=51-75%, 4=76-100% of
the myxoma cells) and intensity (0 =negative, 1 =weak, 2 =moderate,
and 3 = intense). An immunohistochemical score was calculated for each
case in which the percentage of positive rating was multiplied by the in-
tensity rating. The immunostaining was judged to be antibody-specific
by following two criteria: staining use of normal serum produced no
consistent immunostaining of any cells and signal intensity diminished
as the dilution of antibody was increased.

Gene expression

Twenty-three CM blocks were selected for RNA extraction and
gene expression analysis. Three successive 20-um thick sections were
obtained from each FFPE tissue block. RNA was obtained with RNeasy
FFPE Kit (Qiagen, Toronto, ON), and its concentration and purity were
studied with the NanoDrop 2000c spectrophotometer (Thermo Fischer
Scientific, Waltham, MA). Oligonucleotide probes were produced for
the following human genes: ATG9A, ATG12, ATG14, BECN1, EBV LMP1,
LAMP1, MAP1LC3, SQSTM1, and WIPI1 (Integrated DNA Technologies,
Coralville, IA) (Table 1). For data normalization, three housekeeping
human genes were included in the study: GAPDH, HPRTI, and TBP.
Gene expression was quantified with NanoString nCounter platform as
per manufacturer recommendations (Nanostring Technologies, Seattle,
WA). In detail, with regard to the code set design, a literature search
was performed to identify genes involved in autophagy-related cancer
biology. The genes selected as a result included three housekeeping
genes: GAPDH, HPRT1, and TBP. Custom nCounter probes for the gene
set were designed by NanoString Technologies and manufactured by
Integrated DNA Technologies [Coralville, IA, U.S.A.]. Details of the
nCounter technology have been reported previously in a report on
thyroid cancer by our University [41]. Briefly, a custom nCounter
code set consisting of multiplexed probes targeting the gene set was
used for gene expression analysis. Each code set included selected
housekeeping genes to control for variations in RNA input and quality.
Probe pairs with sequences specific to a 100-base region of each target
messenger rna were designed using a 3’ biotinylated capture probe and
a 5’ reporter probe tagged with a specific fluorescent barcode, thus
creating 2 sequence-specific probes for each target transcript. Probes
were hybridized with rna at 65 °C and then applied to the nCounter
Preparation Station for automated removal of excess probe and im-
mobilization of probe-transcript complexes on a streptavidin-coated
cartridge. Data were collected using the nCounter Digital Analyzer by
counting the individual barcodes. Raw gene expression counts were
quality-controlled and normalized using the nSolver Analysis Software
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Table 1
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Autophagy-related 8-gene Set (red), EBV LMP-1 (blue), and three housekeeping genes (black).

Gene Gene name Functional association

ATG12 Autophagy related protein 12 Autophagosome formation

ATG14 Autophagy related protein 14 Beclin 1 — associated autophagy-related

key regulator

ATGY94 Autophagy-related protein 9A Autophagy

BECNI Beclin-1 Autophagosome formation

LAMPI1 Lysosomal associated membrane | Lysosomal associated autophagy
protein 1

MAPILC3B Microtubule associated protein 1 Autophagosome formation
light chain beta

SOSTM1 Sequestosome 1/ubiquitin-binding | Autophagosome cargo protein that
protein p62 targets proteins for selective autophagy

WIPI1 WD repeat domain, Early autophagosome formation
phosphoinositide interacting 1

EBV LMPI Epstein-Barr virus-encoded latent | EBV oncoprotein, tumor necrosis factor
membrane protein 1 homologue

GAPDH Glyceraldehyde-3-phosphate Housekeeping
dehydrogenase

HPRTI Hypoxanthine phosphoribosyl Housekeeping
transferase 1

TBP TATA box binding protein Housekeeping

(version 4.0: NanoString Technologies) and manufacturer-included
positive and negative controls. Quality control (qc) parameters include
imaging qc, binding density qc, overall assay efficiency, assay linearity,
and limit of detection. Data were normalized to the three housekeeping
genes to correct for variation in rna input quantity.

Statistics

Normalized transcript counts were used for individual gene analysis.
Differential gene expression was assessed using Student’s t-test. Statisti-
cal significance was considered at P < 0.05. SPSS version 26 was used.

Results
Histopathology

Histologically, the CM exhibit unique heterogeneous features with
myxoma cells scattered in a myxoid stroma. The tumor cells are in sin-
gle cells, cord-like, pseudo-vascular or vasoformative patterns [42]. The
spindle tumor cells without significant atypia surround small blood ves-
sels and scattered lymphoplasmacytic, histiocytic cells, and fibroblastic
cells in the myxoma tumor microenvironment (Fig. 1). The inflamma-
tory infiltration was graded: LIG (N=12) and HIG (N=11). Two cases
of lymphoproliferative disorders arising within CM were encountered in
our series: chronic lymphocytic leukemia (CLL) and DLBCL.

Immunohistochemistry

i) Cardiac myxoma. Myxoma cells were immune-positive for calretinin,
vimentin, CD31, CD34, but negative for SM actin or S100.

ii) Autophagy: LAMP 1, Beclin-1, LC3 were strongly immune-positive in
the majority of cases (70-92.3%). Nine instances of CM have stained
additionally for the SQSTM1/p62 marker. All these cases (100%)
express the marker with weak to moderate intensity (1 to 2+). In-
flammatory cells and vascular cells stained less intensely. CM with
DLBCL was negative for the LC3 marker. However, it expressed a
robust Beclin-1 intensity (3+) (Fig. 2).

iii) Inflammatory cells, LPD, and autophagy: Mixed T-cells, B-cells, and
macrophages were seen in the inflammatory infiltrates. Both LPD
were confirmed with lymphoma markers as CLL/SLL and high-grade
B-cell lymphoma (HG-BCL: MYC and BCL2 rearrangement). Beclinl
and p62 were strongly positive, LAMP1 focally and LC3 only rare
cells were immune-positive (Figs. 2 and 3).

iv) Viral markers: In CLL/SLL, EBV by LMP1 staining was positive, but
EBER by ISH was negative. In HG-BCL, EBV-ISH was positive. In
selected cases, HSV1 and HSV2 staining was negative.

ATG gene expression

i) RNA and quality control

Mean RNA yield for 23 FFPE samples was 68.2+60.3 (mean + SD)
ng/uL (range 13.4-312.2ng/uL) with a mean A260/A280 RNA purity
ratio of 1.85 +0.07 (1.71-1.96). One case (1/24) was excluded from the
study due to low 260/280 ratio (1.42). No significant quality control
or normalization issues were encountered. However, 2/8 genes (25%)
demonstrated very low counts (close to negative controls) across all sam-
ples and were excluded from subsequent analysis: EBV LMP1 (2.9 + 3.7)
and ATG12 (7.4 +3.9). ii) All ATG genes were expressed in CM with
marked accumulation of SQSTM1/p62, which was 2.5 to 46 folds higher
than the remaining ATG genes. When HIG to LIG groups were compared,
the HIG group was trending lower, and both MAP1/LC3B and WIPI1
were statistically significant with p-value <0.05 using the Student’s t-
test (Table 2) Both LC3B and WIPI1 were associated with autophago-
some formation [43].

Discussion

Our study confirms that the CM tumor microenvironment (CM-TME)
is very complex and dynamic. CM-TME consists of a variety of intrin-
sic and extrinsic cells and factors/elements: tumor cells, stromal and
vascular cells, inflammatory cells, and infective components/organisms
with multiple molecular pathways at play. These processes and events
are expected as the CM are exposed continuously to circulating cellu-
lar or non-cellular elements and extrinsic elements, including infective
organisms/factors [26,27,44,45]. LAMP 1, Beclin-1, LC3 were strongly
immune-positive in the majority of cases and nine CMs demonstrated
an additional expression of the SQSTM1/p62 marker. All these cases
expressed this marker with weak to moderate intensity, while inflamma-
tory cells and vascular cells stained less intensely. As indicated above,
CM with DLBCL was negative for the LC3 marker, but it expressed
strongly Beclin-1 intensity (3+). Mixed T-cells, B-cells, and macrophages
were seen in the inflammatory infiltrates and both LPD were confirmed
with lymphoma markers as CLL/SLL and high-grade B-cell lymphoma
(HG-BCL with MYC and BCL2 rearrangement). Here, both Beclinl and
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Table 2
Autophagy gene expression.
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Fig. 1. (a) Cardiac myxoma with chronic
inflammation. Magnification 100x. (b) Car-
diac myxoma with high inflammatory
grade (HIG) and Gamna-Gandy bodies.
Magnification 20X. (c) Cardiac myxoma
with sparse or low inflammatory grade
(LIG). Magnification 200X. 2D - 2F Cardiac
myxoma cells in vasoformative patterns
with autophagy markers with immunohis-
tochemical positivity in myxoma and stro-
mal cells (2D- LC3), (2E-LAMP1), (2F-p62).
Magnification 200x.

t-Test
ATG genes LIG HIG p-value
ATG14 113 119 0.397
ATG9A 126 122 0.364
BECN1 228 211 0.079
LAMP1 1031 928 0.108
MAP1LC3B 230 195 0.014
SQSTM1 2630 2454 0.273
WIPI1 62 48 0.031
LIG CM Cases
ATG14 148.7 153.35 142.71 79.27 67.16 122.52 60.53 108.24 134.89 88.6 139.99 112.96
ATG9A 131.71 97.59 129.43 113.24 109.27 211.63 120.11 103.91 127.18 160.49 87.11 124.08
BECN1 229.43 181.23 2124 249.12 217.41 243.45 204.66 279.97 244.73 2253 240.32 209.63
LAMP1 1062.17 947.97 1045.43 832.29 824.1 946.74 1159.74 1597.59 990.47 867.27 1236.62 866.68
MAP1LC3B 152.95 195.17 262.19 249.12 211.72 294.37 264.23 264.1 216.78 250.61 199.1 198.52
SQSTM1 3305.49 4433.15 2170.5 1862.73 1950.97 3335.09 3012.25 2107.03 2900.1 2176.54 1920.26 2386.69
WIPI1 97.72 27.88 89.61 73.6 64.88 62.06 59.57 63.5 55.88 69.36 42.78 35.19
HIG CM Cases
ATG14 124.59 130.1 123.01 158.58 127.41 67.26 114.17 121.98 118.54 112.31 113.76
ATG9A 179.97 89.02 129.28 137.15 98.91 93.75 122.54 98.41 115.83 119.23 156.43
BECN1 207.66 208.85 199.01 295.73 209.55 172.22 216.43 195.05 199.83 204.39 21037
LAMP1 1024.43 1013.44 763.12 792.91 1047.76 897.8 1306.51 872.13 975.43 735.33 774.29
MAP1LC3B 263.03 190.02 149.65 188.58 196.14 195.66 201.88 156.75 179.51 204.66 218.7
SQSTM1 3502.45 2285.37 3249.92 2944.47 2673.88 1806.8 2428.33 1780.2 2326.12 1754.09 224391
WIPI1 55.37 41.09 74.43 30 33.53 58.09 40.11 55.39 50.13 40.98 48.55

Notes: CM, cardiac myxoma; LIG, lower inflammation grade; HIG, high inflammation grade.

p62 were strongly positive, while LAMP1 was focally positive and LC3
was positive in only very few cells.

Consistent with the immunohistochemical results of positive au-
tophagy activity, all autophagy-related genes were expressed in the LIG
and HIG groups. It seems that all steps in the autophagy process are ac-
tive. However, there is marked p62 excessive expression (ranging from
2.5 to 46 folder increase compared with the other ATG studied). Further,
p62 accumulates when autophagy is inhibited, and aberrant excessive
p62 accumulation may result from autophagy defect, causing oxidative
stress and has been linked to tumorigenesis [46,47]. Autophagy gene
expressions are trending lower in high inflammatory grades than low
inflammatory grade with LC3 and WIPI1, achieving statistical signifi-
cance (p <0.05), further suggesting that autophagosome formation is at
reduced levels with a high inflammatory degree.

Viral histogenesis has been postulated in both CM and LPD in car-
diac myxomas. The detection of herpesviruses (HSV1 and HSV2) and
chronic inflammation in CM suggest a pathogenetic role in the tu-

mor development [14,15]. However, other studies have found nei-
ther such association nor a detectable HSV viral protein or genomic
DNA by both immunohistochemistry and polymerase chain reaction
[16-18]. Our study also detected no evidence of HSV infection, but EBV-
LMP1 was detected in CLL-CM, and EBV-ISH was positive in HG-BCL.
In “pre”-lymphomatous CM tissues, EBV-LPM1 gene expression was
negative.

The above data suggest that the TME with a reduction of gene expres-
sion for autophagosome formation and aberrant excessive p62 accumu-
lation in the presence of high inflammatory grade and perhaps viral in-
fection may support the development of lymphoproliferative disorders.
To the best of our knowledge, the present study is the first to report on
the TME using the expression of autophagy-related genes and proteins
in CM.

Our study on CM-TME with ATG-inflammation interplay has some
limitations. This study is a single-center retrospective study with a
limited but well-characterized number (n=28) of patients. Although
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Fig. 2. A Cardiac myxoma-with chronic lymphocytic leukemia (CLL/SLL). Mag-
nification 50x. B. CLL — immunopositive for B-cells/ CD20. Magnification 200X.
C. CLL - immunopositive for EBV-LMP1. Magnification 400X.

the selection of specific areas with inflammation can theoretically
lead to selection bias and depends on the number of tumor sections
examined, quality controls were carried out for all tissue sections with
optimal inter- and intraindividual k values. Immunohistochemical
staining identified autophagic activity is present in all cell types,
including CM cells. At the same time, Nanostring assay confirmed
overall ATG gene expression activity, without identification of such
events in specific cell types. The molecular machinery of autophagy
is extraordinarily dynamic. Static analyses cannot distinguish between
autophagy upregulation and degradation inhibition at a certain stage
of the autophagic process. The mechanism underlying how autophagy
proteins influence the TME in CM remains to be fully elucidated. Future
studies may include in vivo research of a tumor, which may behave
similarly as CM. More ATG genes relevant in the autophagy process
to identify autophagy upregulation and degradation inhibition at a
particular stage of the autophagic process may be highly relevant.
The inclusion of inflammatory elements, including inflammasome and
inflammatory cytokines, may elucidate the autophagy-inflammation
interplay in the CM-TME as previously suggested in targeting NLRP3
inflammasome and currently for SARS-CoV-2 infection [48,49]. Intra-
cardiac myxoma localization and restriction of LPD proliferation within
the CM-TME environment is also intriguing and further studies on
subsets of immune cells in CM-TME may shed some light on immune-
evasion. The concept of tumor microenvironment includes many actors
(cellular and acellular) and different conditions (stiffness, architecture)
and we particularly focused on autophagy and viral infection. We
are completely aware that our data should be correlated with other
microenvironmental markers and the extracellular matrix components

Translational Oncology 14 (2021) 100911

Fig. 3. A-B Cardiac myxoma- with high-grade B-cell lymphoma (HG-BCL).
Magnification 20x, 50X. C EBV-ISH positive staining. D HG-BCL Strongly im-
munopositive for B-cell/CD20. E-H Composite of autophagy markers with
BCLN1 and p62 strongly positive, and EBV-LAMP1 patchy positive, and LC3
with rare positive cells. 3C-3E. Magnification 400x.

are usually involved in autophagy regulation as well as the deposition
of integrin in the extracellular matrix, which will be the object of future
studies.

In conclusion, we report for the first time on the TME using the ex-
pression of autophagy-related genes and proteins in CM and these data
will be an avenue for further investigating the intriguing relationship
between virus infection and cancer.
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