
Long non-coding RNA mitophagy and ALK-negative 
anaplastic lymphoma-associated transcript: a novel 
regulator of mitophagy in T-cell lymphoma

Valentina Mularoni,1 Benedetta Donati,1 Annalisa Tameni,1 Veronica Manicardi,1 Francesca 
Reggiani,1 Elisabetta Sauta,2 Magda Zanelli,3 Marco Tigano,4 Emanuele Vitale,1,5 Federica 
Torricelli,1 Stefano Ascani,6 Giovanni Martino,6,7 Giorgio Inghirami,8 Francesca Sanguedolce,9 
Alessia Ruffini,10 Alberto Bavieri,10 Stefano Luminari,10 Marco Pizzi,11 Angelo Paolo Dei Tos,11 
Cinzia Fesce,12 Antonino Neri,13 Alessia Ciarrocchi1 and Valentina Fragliasso1 
 
1Laboratory of Translational Research, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, 
Italy; 2IRCCS Humanitas Clinical and Research Center, Milan, Italy; 3Pathology Unit, 
Department of Oncology, Oncology, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, 
Italy; 4Sidney Kimmel Medical College, Thomas Jefferson University, Philadelphia, PA, USA; 
5Clinical and Experimental Medicine Ph.D. Program, University of Modena and Reggio Emilia, 
Modena, Italy; 6Pathology Unit, Azienda Ospedaliera Santa Maria di Terni, University of 
Perugia, Terni, Italy; 7Institute of Hematology and CREO, University of Perugia, Perugia, Italy; 
8Department of Pathology and Laboratory Medicine, Weill Cornell Medicine, New York, NY, 
USA; 9Pathology Unit, Policlinico Riuniti, University of Foggia, Foggia, Italy; 10Hematology 
Unit, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy; 11Surgical Pathology & 
Cytopathology Unit, Department of Medicine-DIMED, University of Padova, Padova, Italy; 
12Hematology Unit, University Hospital, Foggia, Italy and 13Scientific Directorate, Azienda 
USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy

Abstract 
 
Long non-coding RNA (lncRNA) are emerging as powerful and versatile regulators of transcriptional programs and distinctive 
biomarkers of progression of T-cell lymphoma. Their role in the aggressive anaplastic lymphoma kinase-negative (ALK–) 
subtype of anaplastic large cell lymphoma (ALCL) has been elucidated only in part. Starting from our previously identified 
ALCL-associated lncRNA signature and performing digital gene expression profiling of a retrospective cohort of ALCL, we 
defined an 11 lncRNA signature able to discriminate among ALCL subtypes. We selected a not previously characterized 
lncRNA, MTAAT, with preferential expression in ALK– ALCL, for molecular and functional studies. We demonstrated that 
lncRNA MTAAT contributes to an aberrant mitochondrial turnover restraining mitophagy and promoting cellular proliferation. 
Functionally, lncRNA MTAAT acts as a repressor of a set of genes related to mitochondrial quality control via chromatin re-
organization. Collectively, our work demonstrates the transcriptional role of lncRNA MTAAT in orchestrating a complex tran-
scriptional program sustaining the progression of ALK– ALCL. 
 

Introduction 
T-cell lymphoma (TCL) is a complex and heterogeneous 
group of neoplasms with different biology and outcome.1 
Its diagnostic classification is still a challenge, making its 
treatment suboptimal. Anaplastic lymphoma kinase-
negative (ALK–) anaplastic large cell lymphoma (ALCL) is 
one of the most aggressive subtypes of TCL and is char-
acterized by a dismal prognosis and high mortality.2-4 The 
molecular details of the pathogenesis of ALK– ALCL are 
largely unknown, thus limiting the development of targeted 
strategies.5 Therefore, clarifying the mechanisms underly-
ing this disease is of utmost importance. 

The fast and massive implementation of deep sequencing 
technologies has highlighted the role of the non-coding 
genome in regulating cancer proliferation, especially in 
complex tumors without a clear genetic driver.6,7 Particular 
attention has been paid to a family of transcripts of about 
200 bp with no coding potential, known as long non-
coding RNA (lncRNA).8 LncRNA possess the striking ability 
to interact with protein-coding and non-coding transcripts 
regulating and integrating a complex network of processes 
simultaneously.9-12 Thanks to their peculiar and versatile 
features, lncRNA are able to influence – in a context-de-
pendent manner – several aspects of cancer biology, such 
as cellular proliferation, apoptosis, metabolic reprogram-

Haematologica | 108 December 2023  
3333

ARTICLE - Non-Hodgkin Lymphoma

Correspondence: V. Fragliasso 
Valentina.Fragliasso@ausl.re.it 
 
Received: December 14, 2022. 
Accepted: June 20, 2023. 
Early view: June 29, 2023. 
 
https://doi.org/10.3324/haematol.2022.282552 
 
©2023 Ferrata Storti Foundation 
Published under a CC BY-NC license 



ming, genomic instability, drug resistance, invasion, and 
metastasis.13,14 Thus, deregulating the expression of certain 
lncRNA can directly influence the pathogenesis and/or 
progression of different types of cancers, including TCL.15  
Previously, we investigated the contribution of lncRNA to 
ALCL pathogenesis by performing deep transcriptomic 
profiling of a cohort of ALCL. We identified a unique set of 
18 lncRNA overexpressed in neoplastic T-lymphocytes 
compared to normal T-lymphocytes.16 We were able to 
show that among those, the lncRNA BlackMamba acts as 
a major transcriptional regulator of neoplastic T-lympho-
cytes in the ALK– ALCL subtype, influencing lymphoma 
progression.16,17 Therefore, the identified lncRNA are not 
only distinctive biomarkers of disease but also play rel-
evant functional roles in the biogenesis of ALCL.  
In this work, we expand our knowledge regarding the func-
tional relevance of lncRNA in the development and pro-
gression of ALCL. Starting from our previously identified 
lncRNA signature and integrating the gene expression pro-
files of a large cohort of ALCL patients with clinical in-
formation, we defined a powerful lncRNA signature that 
discriminates between ALK– and ALK+ subtypes. We then 
focused on the XLOC_211989 transcript – which resulted 
specifically associated with the ALK– ALCL subtype – and 
characterized its function by using multiple functional ap-
proaches. Our data suggest that this non-coding transcript 
coordinates the expression of a set of genes involved in 
mitochondrial homeostasis and mitophagy promoting lym-
phoma cell survival. We named this novel lncRNA MiToph-
agy and ALK– Anaplastic Lymphoma Associated Transcript 
(MTAAT). 

Methods 
Patients’ specimens 
Fresh and viable cryopreserved cells and formalin-fixed 
paraffin-embedded (FFPE) sections of two retrospective 
cohorts of ALCL were isolated from diagnostic/relapsed 
primary lymphoma biopsies. Diagnoses were assigned ac-
cording to the World Health Organization classification.1 

Tissues used for expression analyses were selected for 
their high tumor cell content (>50%). The FFPE cohort of 
samples of ALCL consisted of 54 cases whereas the freshly 
frozen cohort of samples consisted of 18 ALCL cases. Re-
garding clinicopathological characteristics of the FFPE co-
hort eligible for the analysis (n=44), among ALK– ALCL, 
17/29 (59%) patients were male and the median age was 
70 years (range, 31-88). Regarding ALK+ ALCL, 8/15 (53%) 
patients were male and the median age was 39 years 
(range, 21-75). Considering follow-up data available for 
29/44 patients, the median follow-up of the cohort was 
44 months (range, 2.2-152). The 4-year progression-free 
survival rate was 70.6% (95% confidence interval: 55.2-

90.3). The freshly frozen cohort of ALCL and immunophe-
notypic features of resting and donor CD4+ T-lymphocytes 
have been described previously.16  
The study was approved through institutional human 
ethics review boards of the Ethical Committee AVEN and 
AUSL-IRCCS of Reggio Emilia (287/2018/OSS/IRCCSRE), 
and patients provided written informed consent in accord-
ance with the Declaration of Helsinki.  

RNA extraction and quantitative polymerase chain 
reaction 
Total RNA from cells was extracted by TRIzol (Thermo 
Fisher Scientific) according to the manufacturer’s instruc-
tions. One microgram of total RNA was retrotranscribed 
using the iScript cDNA kit, (Biorad). The amplified tran-
script level of each specific gene was normalized on the 
CHMP2A housekeeping gene. The ΔΔCt quantification 
method was used for quantitative polymerase chain reac-
tion (RT-qPCR) analyses. The list of primers used is pro-
vided in Online Supplementary Table S1. 

Antisense LNA GapmeR transfection 
MAC2A and TLBR-2 cells (1×106) were transfected with 50 
nM Antisense LNA GapmeR for a single knockdown (KD). 
Antisense LNA GapmeR transfections were performed 
using the Cell Line Nucleofector Kit SF and Amaxa 4D Nu-
cleofector (program DS-130 for TLBR-2; FI115 for MAC2A). 
Twenty-four hours after transfection, cells were harvested 
and plated at 2.5×105 cells/mL. Antisense LNA GapmeR 
Negative Control (Cat. N/ID: 33951, Qiagen) was used as a 
negative control. For lncRNA_211989/MTAAT we used two 
different GapmeRs (Cat. N/ID: 339511, Qiagen); their se-
quences are provided in Online Supplementary Table S2. 

Mitochondrial staining 
Mitochondria were stained with Mitotracker (Thermo 
Fisher Scientific) according to the manufacturer’s instruc-
tions. Cells were then harvested, fixed in 4% paraformal-
dehyde in phosphate-buffered saline (PBS) 1X for 10 min 
at room temperature, and spotted on glass slides using 
Cytospin (Thermo Scientific) as previously reported.18 Dots 
were washed in PBS 1X three times and nuclei were 
stained with DAPI.  
Tetramethylrhodamine methyl ester perchlorate (TMRM) 
staining was performed according to the manufacturer’s 
instructions (Thermo Fisher Scientific), without substantial 
changes. Cells were then harvested and washed once in 
RPMI medium without serum. Membrane potential was 
immediately measured by flow cytometry with a 
FACSCanto™ II Cell Analyzer (BD Biosciences). 

Statistical analysis 
Statistical analyses were performed using GraphPad Prism 
software (GraphPad). Statistical significance was deter-
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mined using a Student t test. Each experiment was rep-
licated multiple times (>3 up to 6). All analyses were per-
formed using R software version 4.1.3. 

Results 
XLOC_211989 is a novel biomarker that stratifies patients 
with ALK– anaplastic large cell lymphoma  
We assessed whether the previously generated ALCL-as-
sociated lncRNA signature16 might be used to distinguish 
ALCL subtypes in a retrospective cohort of 54 ALCL cases. 
Gene expression analyses were performed by digital multi-
plexing profiling using a custom panel of probes targeting 
the 17 previously identified lncRNA and four additional 

genes used for the molecular classification of ALCL sub-
types.19 
Out of the total of 54 samples, 44 ALCL gene expression 
profiles passed stringent quality controls and resulted eli-
gible for the analysis (Figure 1A). Of these 44 samples, 15 
(34%) were classified as ALK+ ALCL and 29 (66%) scored 
as ALK– ALCL (Figure 1A, Online Supplementary Figure S1A, 
B, Online Supplementary Table S4). Focusing on lncRNA, 
we confirmed that 17/17 (100%) lncRNA were expressed in 
the ALCL cohort. Principal component analysis showed 
that lncRNA expression profiles segregated well with ALK+ 
and ALK– ALCL samples (Figure 1B) resulting in 11 of the 17 
(65%) lncRNA significantly deregulated between the two 
subtypes (Figure 1C, Online Supplementary Figure S1C). In 
particular: seven lncRNA were overexpressed in ALK– ALCL 

Continued on following page.
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patients while four lncRNA were overexpressed in ALK+ 
ALCL patients (Figure 1C). In accordance with our previous 
observations,16 lncRNA BlackMamba showed a significant, 
negative correlation with ALK expression (Figure 1C).  
We focused our attention on the six uncharacterized 
lncRNA that were significantly associated with the ALK– 
subtype (Figure 1D). First, we confirmed their association 
with the ALK– subtype by targeted RT-qPCR performed in 
a previously published cohort of 15 freshly frozen ALCL.16 
From this analysis, XLOC_211989 – herein named lncRNA 
MTAAT – showed the strongest and most significant as-
sociation with ALK– ALCL (Figure 1D, E, Online Supplemen-
tary Figure S1D). No detectable MTAAT expression was 
observed in donor resting or activated CD4+ cells (Online 
Supplementary Figure S1E), further confirming ALCL-re-
stricted MTAAT expression. 

To strengthen these observations, we explored the cor-
relation between MTAAT and ALK expression in the retro-
spective cohort of ALCL samples. Linear regression 
analysis showed that MTAAT was inversely correlated with 
ALK expression and positively correlated with lncRNA 
BlackMamba (Figure 1F). The receiver operating character-
istic curve for ALK subtype classification showed that 
MTAAT has a high capacity (70%) to discriminate between 
ALK– and ALK+ patients (area under the curve=0.70; 95% 
confidence interval: 0.54-0.85) (Figure 1G, Online Supple-
mentary Figure S1F).  

The MTAAT promoter is bound by RNA polymerase II 
and enriched for active histone marks 
Genomic annotation showed that the MTAAT sequence 
matches an uncharacterized intergenic transcript en-

Figure 1. XLOC_211989 stratifies patients with ALK– anaplastic large cell lymphoma. (A) Outline of the study workflow for the 
formalin-fixed paraffin-embedded (FFPE) training cohort of samples to classify patients with anaplastic large cell lymphoma 
(ALCL) based on transcriptomic profiles. Figure created with BioRender.com. (B) Principal component analysis shows the variance 
between ALK+ ALCL (red dots) and ALK– ALCL (gray dots) samples of the FFPE training cohort explained by the expression level 
of the 17 long non-coding RNA (lncRNA). (C) Dot plots show the distributions of gene expression counts of the 11 statistically sig-
nificant lncRNA among ALK+ ALCL (red dots) and ALK– ALCL (black dots) of the FFPE training cohort. Comparisons were considered 
statistically significant for P≤0.05 (*). (D) An alluvial plot shows the workflow for the identification and validation of XLOC_211989. 
(E) Box plot representing the expression of XLOC_211989 among ALK+ (red) and ALK– (gray) ALCL evaluated by quantitative polyme-
rase chain reaction in the validation cohort. The comparison was considered statistically significant for P≤0.05 (*). (F) Correlation 
plot between ALK and XLOC_211989 normalized and log2 transformed gene counts in the FFPE training cohort (left panel). Cor-
relation plot between BlackMamba and XLOC_211989 normalized and log2-transformed gene counts in the training cohort (right 
panel). (G) Receiver operating characteristic curve showing the performance of the XLOC_211989-based scoring system in the 
training cohort of ALCL patients. The curve is colored according to XLOC_211989 adjusted values, the relation between colors 
and different values is represented by the bar on the right. The formula was generated by a generalized linear regression model.
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coded on the plus strand of chromosome 3 with an es-
timated transcript length of 7,189 bp and no predicted 
alternative isoforms (Figure 2A). In silico analysis pre-
dicted four potential open reading frames with irrelevant 
coding potential within the MTAAT sequence, confirming 
the non-coding nature of this transcript (Online Supple-
mentary Table S5).  
Given the specificity of MTAAT expression in the ALK– 
ALCL subtype, we sought to define in vitro the molecular 
mechanisms that control its expression. For this analy-
sis, we chose the two ALK– ALCL cell lines, TLBR-2 and 
MAC2A, displaying the highest levels of MTAAT ex-
pression (Online Supplementary Figure S2A). To identify 
the promoter of MTAAT, we first analyzed RNA polyme-
rase II (RNAPII) genomic occupancy and histone 3 tri-
methyl lysine 4 (H3K4me3) profile using chromatin 
immunoprecipitation (ChIP) followed by sequencing in 
TLBR-2 cells. A high-density distribution of RNAPII 
within a 2000 bp region spanning the putative transcrip-
tion start site (TSS) of MTAAT (P3-P6) was observed. This 
region was also enriched in H3K4me3, confirming the 
promoter-like nature of its sequence (Figure 2A). We 
confirmed the findings by ChIP-qPCR in both TLBR-2 and 
MAC2A cell lines (Figure 2B, C, Online Supplementary 
Figure S2B). We also showed that this region is marked 
by a high level of histone H3 acetyl-lysine 27 (H3K27ac) 
confirming that this locus is transcriptionally active in 
these cellular models (Figure 2D, Online Supplementary 
Figure S2B). Notably, ChIP-qPCR analysis did not show 
RNAPII or histone modification enrichment in a cell line, 
CUTLL1, negative for MTAAT expression (Online Supple-
mentary Figure S2C), validating the specificity of our ob-
servations. To assess whether the putative promoter of 
MTAAT is able to transactivate transcription, we cloned 
the 2000 bp DNA sequence spanning from −1,500 bp to 
+500  bp of the MTAAT-TSS upstream of a luciferase re-
porter cassette. In this “promoter-like” configuration, 
high luciferase activity was detected in both MAC2A and 
TLBR-2 cells (Figure 2E).  
Next, we searched for the signaling pathways underlying 
MTAAT expression. Based on the genomic profiles ob-
served in ChIP-sequencing, we selected a 500 bp region 
spanning the TSS of MTAAT and performed a motif 
search analysis to identify potential transcription factor 
binding sites. For this, we used the FIMO analysis pipe-
line20 and identified 117 hypothetical transcription fac-
tors (Online Supplementary Table S6). Notably, some 
transcription factors, including STAT, GATA, and IRF 
family members, are pertinent to signaling pathways 
known to be active and deregulated in ALK– ALCL5 (Fig-
ure 2F). Specifically, we found a significant enrichment 
of several pathways related to the cellular response to 
cytokines, interferon, interleukins, and regulation of T-
cell differentiation. 

MTAAT is a chromatin-associated long non-coding RNA 
essential for the transcriptional control of mitochondrial 
processes  
To examine the biological role of MTAAT in TCL, we first 
studied MTAAT cellular localization performing subcellular 
fractionation. We found that MTAAT was enriched in the 
nucleus and strongly associated with the chromatin frac-
tion of lymphoma cells (Figure 3A, Online Supplementary 
Figure S3A) suggesting a putative role in chromatin organ-
ization and gene expression regulation. To investigate the 
role of this lncRNA in regulating lymphoma transcription, 
we silenced MTAAT expression by targeting different re-
gions, single or in combination, with gapmer technology. 
MTAAT expression was measured by RT-qPCR and the de-
livery of multiple gapmers by electroporation resulted in 
effective knockdown (KD) (>50%) of MTAAT across all ALK– 

ALCL cell lines tested (Figure 3B). We then used next-gen-
eration RNA sequencing to evaluate the genome-wide 
transcriptional changes triggered by MTAAT silencing 
(MTAATKD). TLBR-2 cells were subjected to MTAATKD and 
RNA was collected 24 h after. In parallel and as a control, 
a scrambled gapmer was also delivered. RNA-sequencing 
analysis revealed 2,217 differentially expressed genes in 
MTAATKD compared to the gapmer control. Among these, 
67.5% (1,497 genes) were protein-coding. Specifically, we 
detected 524 downregulated and 937 upregulated genes 
upon lncRNA MTAATKD (false discovery rate <0.1) (Figure 
3C). These findings suggest a role for MTAAT in both the 
activation and the repression of transcription. Notably, the 
genomic regions of MTAAT targets are far beyond chromo-
some 3 (Figure 3D). This suggests that MTAAT could regu-
late ALK– ALCL transcriptional programs in trans and at a 
genome-wide level. 
Gene-set enrichment analysis revealed diverse biological 
processes associated with deregulated genes. Specifically, 
downregulated transcripts showed significant enrichment 
in several gene sets related to mitochondrial respiratory 
chain complexes, DNA damage response, and chromatin 
organization. In contrast, upregulated transcripts are 
mostly implicated in immune response, glycolytic process, 
integrated stress response as well as regulation of mito-
chondrion organization (Figure 3E). Using RT-qPCR, we 
validated a representative set of upregulated genes con-
firming the RNA-sequencing results (Figure 3F).  
To exclude off-target effects of the gapmers designed for 
MTAATKD, we decided to corroborate the results by silenc-
ing MTAAT with a CRISPR-interference system, by using 
doxycycline-inducible dCas9-KRAB and two different 
single-guide RNA targeting the MTAAT promoter. Following 
lentiviral transduction of ALK– ALCL cells, we induced 
dCas9-KRAB for 48 h with doxycycline and evaluated 
MTAAT expression. RT-qPCR confirmed that both single-
guide RNA repressed the level of MTAAT by >60% (Online 
Supplementary Figure S3B-D). Importantly, the expression 
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Figure 2. MTAAT is a novel long non-coding RNA. (A) Schematic representation of the locus and structure of MTAAT showing the 
position and enrichment level of active marks of transcription assessed by chromatin immunoprecipitation (ChIP) sequencing in 
TLBR-2 cells. (B-D) ChIP-quantitative polymerase chain reaction detection of RNAPII (B), H3K4me3 (C), and H3K27Ac (D) markers 
on MTAAT fragments in ALK- anaplastic large cell lymphoma (ALCL) cell lines. The GAPDH promoter was used as a positive control 
(CTR+) whereas a non-coding intergenic region served as a negative control (CTR−). The values are representative of three inde-
pendent experiments. (E) Luciferase activity of the MTAAT fragment in a pGL3 vector. Data are represented as a normalized ratio 
of firefly-Renilla luciferase activities and are expressed as mean values ± standard deviation (N=3). **P≤0.01. (F) Graphs show 
the most representative enriched transcription factor-related pathways. For each pathway, the transcription factor with the 
major number of interactions is colored in yellow. These graphs were created using cytoskape software.
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of 10/12 (83%) gene targets after dCas9-KRAB-mediated 
MTAAT silencing was consistent with gapmer MTAATKD, rul-
ing out any off-target effects (Online Supplementary Figure 
S3E). Collectively, the transcriptional changes that we ob-
served upon MTAATKD indicated that this lncRNA acts as a 
repressor of a set of genes related to mitochondrial quality 
control. 

MTAAT represses BNIP3 and BNIP3L via histone 
modifications 
To understand how the lncRNA MTAAT regulates the ex-
pression of mitochondria-related genes, we evaluated 
changes in the chromatin organization triggered upon 
MTAATKD investigating, by ChIP, the distribution of 
H3K4Me3, H3K27Ac, and RNAPII on BCL2 Interacting Pro-
tein 3 (BNIP3) and BCL2 Interacting Protein 3 Like (BNIP3L 
also known as NIX). These proteins resulted in target genes 
of lncRNA MTAAT and their loss has been implicated in the 
accumulation of dysfunctional mitochondria in the hema-
topoietic system.21,22 After the depletion of MTAAT, 

H3K4Me3 and H3K27Ac levels increased significantly in 
BNIP3 and BNIP3L promoters (Figure 4A-C). Likewise, RNA-
PII was found to be dramatically enriched around the TSS 
of both genes upon MTAATKD (Figure 4D). Similar changes 
were observed in additional MTAAT target genes such as 
Activating Transcriptional Factor 4 (ATF4) and X-Box Bind-
ing Protein 1 (XBP1) (Online Supplementary Figure S4A-D). 
Concordantly with the gene expression profile, no changes 
were observed in Optineurin (OPTN) gene (Online Supple-
mentary Figure S4A-E). Furthermore, in silico analysis per-
formed with catRAPID23 showed a high interaction 
propensity of MTAAT with H3K27 methylation complex (On-
line Supplementary Figure S4F). Collectively, these data 
confirm that changes in chromatin markers are directly 
linked to the activity of MTAAT on its target genes.  
To strengthen the clinical relevance of MTAAT regulation 
on these genes, we investigated the expression of BNIP3 
and BNIP3L in the retrospective cohort of ALCL included 
in this study. In line with the repressive effect of MTAAT, 
BNIP3 expression was lower in ALK– ALCL than in ALK+ 

Continued on following page.
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ALCL patients (Figure 4E). A similar gene expression cor-
relation was observed in a panel of non-TCL cell lines (On-
line Supplementary Figure S4G). In contrast, no significant 
differences were observed between ALCL subtypes for 
BNIP3L expression (Figure 4E).  

MTAAT sustains the growth of anaplastic large cell 
lymphoma by regulating mitophagy  
The transcriptional changes observed upon MTAATKD are 
suggestive of specific disruptions in mitochondrial homeo-
stasis, such as an aberrant increase in mitochondrial den-
sity or changes in mitochondrial morphology. We wondered 

whether MTAAT promotes ALCL progression by controlling 
mitochondrial clearance. First, we investigated whether mi-
tochondrial abundance changes in TCL upon dCas9-KRAB-
inducible MTAATKD. We evaluated mitochondrial mass by 
Mitotracker staining and cytofluorimetric analysis. This 
analysis showed a time-dependent reduction in Mitotracker 
intensity signal upon MTAATKD (Figure 5A), whereas doxy-
cycline treatment alone did not lead to changes (data not 
shown). Along the same line of evidence, we observed a 
strong reduction in mitochondrial DNA copy number, as de-
termined by RT-qPCR analysis of the mitochondrial gene 
ND1 (Figure 5B). Furthermore, the steady-state level of sev-

Figure 3. MTAAT knockdown results in transcriptional changes. (A) Relative expression of MTAAT in the cytoplasm, nucleus, and 
chromatin fraction of ALK– anaplastic large cell lymphoma (ALCL) cell lines (average of three independent experiments ± standard 
deviation). One-tailed t test, **P≤0.01. (B) Quantitative polymerase chain reaction (RT-qPCR) analysis of MTAAT expression 24 h 
after gapmer nucleofection in MAC2A and TLBR-2 cells. One-tailed t test, **P≤0.01. (C) The heatmap depicts hierarchical clustering 
based on 2,217 differentially expressed genes, whose read counts are Z-score normalized. Unsupervised hierarchical clustering 
was performed between gapmer control and gapmer #1+#2 samples (as indicated by the colored bar on columns) with a complete 
linkage method. Color intensity for each gene shows Z-score values ranging from red for upregulation to green for downregulation 
(left panel). The graph shows the number and the category of deregulated genes after RNA sequencing in TLBR-2 nucleofected 
with gapmers #1+#2 compared to gapmer control. (D) The circular plot displays the genomic location of MTAAT (highlighted with 
a red line) and the protein-coding genes differentially expressed upon its knockdown. Red links connect the long non-coding 
(lncRNA) MTAAT to upregulated genes, green links connect the lncRNA MTAAT to downregulated genes (right panel). (E) Most sig-
nificantly enriched pathways (adjusted P<0.05) are represented showing the number of up- and down-regulated differentially   
expressed genes mapped in each considered pathway (left panel). The heatmap depicts validated significantly downregulated 
genes. The orange-red color bar shows the fold difference on the log2 scale calculated between doxycycline-treated and control 
samples. Lighter orange represents the most downregulated genes (right panel). (F) RT-qPCR validation of significantly upregu-
lated genes obtained from RNA sequencing in TLBR-2 cells after nucleofection with gapmers (24 h). Each datum represents the 
mean ± standard error of mean (N=3). Two-tailed t test, *P<0.05; **P<0.01.
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eral mitochondrial proteins (cytochrome c oxidase subunit 
IV, superoxide dismutase, cytochrome, and prohibitin 1), as-
sessed by western blot, confirmed these findings (Figure 
5C). Since oxidative function is strictly linked to mitochon-
drial network dynamics, we evaluated the mitochondrial 
morphology of Mitotracker-stained cells using immunoflu-
orescence. In a basal condition, ALK– ALCL cells showed the 
mitochondrial network predominantly distributed around 
the perinuclear region. Upon depletion of MTAAT, mitochon-
dria displayed a more apical/basal localization which is in-
dicative of a less active mitochondrial state24 (Figure 5D). 
Concordantly, mitochondrial membrane potential, evaluated 
by TMRM staining, was reduced upon MTAATKD, suggesting 
mitochondrial dysfunction (Figure 5E). In line with these 
data, ALK– ALCL patients with high expression of MTAAT 
showed a high intensity and diffuse staining for superoxide 
dismutase compared to those expressing low levels of 
MTAAT (Online Supplementary Figure S5A).  
Growing evidence points to a strong relationship between 
BNIP3, which acts as an adaptor for tethering mitochondria 

to nascent autophagosomes, and the activation of a selec-
tive form of macroautophagy known as mitophagy.25 Having 
observed the overexpression of BNIP3 upon MTAATKD, we 
asked whether the observed changes in mitochondrial mass 
were due to the activation of mitophagy. First, we assessed 
whether canonical mitophagy markers can be detected 
upon MTAAT silencing. Notably, MTAATKD induced a time-de-
pendent decrease of LC3 and of the autophagy receptor 
SQSTM1/p62 in both cell lines, suggestive of increased auto-
phagy flux. Supporting this, treatment with chloroquine, an 
autophagy inhibitor that blocks the fusion of autophago-
somes with lysosomes, blocked the MTAAT-dependent in-
crease of autophagic flux (Online Supplementary Figure 
S5B). To strengthen these results, we analyzed the co-lo-
calization of specific mitophagy adaptors with autophago-
somes. We co-transfected TLBR-2 cells with plasmids 
encoding LC3-GFP and BNIP3-Flag and analyzed their be-
havior upon MTAATKD. In control cells, both markers showed 
diffuse and homogeneous staining across the cytoplasm 
(Figure 6A). By contrast, upon MTAATKD, both LC3 and BNIP3 

Figure 4. MTAAT knockdown modifies active transcriptional 
markers on regulatory elements of gene targets of MTAAT. (A) 
Graphs show the transcription start site (TSS) and fragments 
around the TSS of BNIP3 and BNIP3L. (B-D) Chromatin immu-
noprecipitation and quantitative polymerase chain reaction de-
tection of H3K4me3 (B), H3K27Ac (C), and RNAPII (D) on 
MTAAT-gene target fragments in the TLBR-2 MTAATKD cell line. 
The values are representative of three independent experi-
ments. (E) Box plots show the expression level of BNIP3 and 
BNIP3L in the cohort of formalin-fixed paraffin-embedded 
samples of anaplastic large cell lymphoma. One-tailed t test, 
*P≤0.01. DOX: doxycycline; CTR: control.
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Figure 5. MTAAT inactivation impairs mitochondrial homeostasis. (A) 
Histograms of mean fluorescence intensity (MFI) assessed by flow 
cytometry analysis show a left shift of Mitotracker red fluorescence in 
MTAAT knockdown (MTAATKD) cell lines (red and yellow) compared to 
control (CTR, grey) at 48 and 72 h after doxycycline (DOX) treatment. 
Bar graphs show the MFI of cells stained with Mitotracker red and ana-
lyzed by FACS. Each datum represents the mean ± standard error of 
mean (SEM) (N=3). Two-tailed t test. *P<0.05; **P<0.01 relative to the 
CTR. (B) Copy number analysis of the mitochondrial gene ND1 normal-
ized on nuclear gene β-actin (48 and 72 h after DOX treatment). Each 
datum represents the mean ± SEM (N=3). Two-tailed t test, *P<0.05; 
**P<0.01 relative to CTR. (C) Western blots show the expression of a 
set of mitochondrial proteins after MTAAT KD in TLBR-2 and MAC2A 
cells (72 h). (D) Immunofluorescence shows the localization of mito-
chondria in MTAATKD cells. Cells were stained with Mitotracker-red dye 
and DAPI. The white scale bar represents 10 μm. The adjacent bar 
graphs indicate the percentage of Mitotracker-red stained cells with 
apical/basal mitochondria (N=500 cells). Each datum represents the 
mean ± SEM (N=3). Two-tailed t test, *P<0.05; **P<0.01 relative to CTR. 
(E) Histograms of FACS analysis show a right shift of tetramethylrho-
damine methyl ester perchlorate (TMRM) fluorescence in MTAATKD cell 
lines (red and yellow) compared to the CTR (gray). Bar graphs show the 
MFI of cells stained with TMRM and analyzed by FACS. Each datum rep-
resents the mean ± SEM (N=3). Two-tailed t test, *P<0.05; **P<0.01 
relative to CTR. PHB1: prohibitin 1; SOD1: superoxide dismutase; COX 
IV: cytochrome c oxidase subunit IV; CytC: cytochrome C; α-TUB: α-
tubulin.
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accumulated into bright cytoplasmic puncta suggestive of 
LC3 lipidation and BNIP3 recruitment. Importantly, LC3 and 
BNIP3 puncta co-localize upon MTAATKD (Figure 6A), indi-
cating active mitophagy. 
We hypothesized that tumor cells specifically block mi-
tophagy to increase mitochondrial mass and sustain prolif-
eration. We, therefore, asked whether MTAATKD impacts ALK– 
ALCL cell viability. Notably, growth curve analysis and viabil-
ity assays showed that depleting MTAAT significantly re-
duced cellular proliferation in both TLBR-2 and MAC2A cell 
lines (Figure 6B). No changes were recorded in cell cycle 
profiles and apoptosis was not induced upon MTAATKD, con-

sistent with energy deprivation, rather than cell death (On-
line Supplementary Figure S5C, D).  
Collectively, our data support a model in which the lncRNA 
MTAAT exerts its function by stimulating an increase in mi-
tochondrial mass – and energy output – which is used by 
ALK– ALCL cells to sustain cell proliferation (Figure 6C). 

Discussion 
The implementation of digital gene expression profiling 
paved the way for application of a transcriptomic approach 

Figure 6. MTAAT knockdown 
promotes mitophagy and re-
duces cellular proliferation. 
(A) Immunofluorescence im-
ages of TLBR-2 MTAATKD cells 
after 48 h of doxycycline in-
duction. Cells were stained 
with DAPI and FLAG anti-
bodies for BNIP3 detection. 
The white scale bar repre-
sents 10 μm. (B) Growth 
curves show the proliferation 
of cells after MTAAT de-
pletion. Each datum repre-
sents the mean ± standard 
error of mean (N=3). Two-
tailed t test. **P<0.01 relative 
to the control. (C) Graphical 
model of MTAAT function in 
lymphoma. Figure created 
with BioRender.com. DOX: 
doxycycline; CTR: control; 
KD: knockdown.
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to the classification of TCL, increasing the precision of di-
agnosis over conventional methods.26 Progress toward 
understanding the transcriptional complexity of tumors re-
vealed how coding genes are not the only drivers of cancer 
progression, with non-coding transcripts, such as lncRNA, 
regulating essential transcriptional cascades during tu-
morigenesis.9,27,28 However, how lncRNA drive cellular and 
clinical phenotypes of aggressive TCL subtypes remains 
unknown. 
In this study, we identified a set of lncRNA that act as mol-
ecular classifiers to distinguish ALK+ and ALK– ALCL. We 
also report the role of one of these lncRNA, which we re-
named MTAAT, in regulating mitochondrial turnover and 
progression of aggressive ALK– ALCL. 
We identified MTAAT as significantly associated with the 
ALK– ALCL phenotype in two independent cohorts of ALCL 
patients: first from a cohort of FFPE diagnostic biopsies 
analyzed by digital expression profiling with the Nanostring 
nCounter platform and subsequently in a cohort of frozen 
tissues by RT-qPCR. We also demonstrated the high accu-
racy of MTAAT in predicting ALK– subtypes in ALCL clas-
sification. Although the use of lncRNA as biomarkers is still 
in its infancy, our results strongly suggest that digital 
lncRNA profiling could be integrated into diagnostic panels 
to improve the accuracy and precision of ALCL stratifica-
tion. 
We selected the lncRNA MTAAT for functional studies 
based on its association with ALK– ALCL. Analysis of the 
regulatory elements of MTAAT showed its intrinsic ability 
to regulate transcription. Transcriptional regulation by 
lncRNA appears to be a mechanism widely used by hema-
tologic malignancies to control the transcription of selec-
tive pathways tuning aberrant proliferation and survival of 
B and T cells.29-32 
By performing RNA sequencing on MTAATKD cell lines, we 
highlighted how the transcriptional program supported by 
MTAAT converges on the regulation of mitochondrial path-
ways. Mechanistic investigations showed that the loss of 
MTAAT is linked to a unique phenotype characterized by 
increased mitochondrial turnover through positive mitoph-
agy stimulation, accompanied by a reduction in cell pro-
liferation. Remarkably, lymphomas are characterized as 
oxidative tumors, indicating a requirement of mitochon-
drial function for tumor progression.33,34 Mitochondria work 
as metabolic hubs to support cell growth and proliferation, 
and act as sensors of intracellular stresses that could 
threaten survival.35,36 Although the role of mitophagy in 
lymphoid malignancies is still debated, some evidence in-
dicates that the constitutive repression of autophagy/mi-
tophagy contributes to lymphomagenesis.37-41 The increase 
in the mitochondrial pool in tumor cells is also emerging 
as a key factor in the success of immunotherapeutic treat-
ments,42–44 such as chimeric antigen receptor-expressing 
T cells.45 These chimeric antigen receptor-expressing cells 

represent an incredibly promising strategy for the treat-
ment of several malignancies and for this reason, further 
investigations aimed at elucidating the role of MTAAT are 
warranted.  
Among the downstream targets of MTAAT, we identified 
BNIP3 whose expression is upregulated upon MTAATKD via 
chromatin reorganization. BNIP3 was originally reported to 
function as a BH3-only protein which induced pro-
grammed cell death.46,47 More recently, it has been shown 
to function as a stress-induced mitophagy receptor that 
interacts directly with LC3 to promote the turnover of 
otherwise healthy mitochondria.48,49 Although various 
human solid cancers overexpress BNIP3 as they become 
hypoxic,50 inactivation of BNIP3 via promoter hypermethyl-
ation is a common feature of aggressive and advanced-
stage cancers such as triple-negative breast cancer, 
hematologic malignancies and advanced-stage pancreatic 
cancer.51-54 In these tumors, epigenetic silencing of BNIP3 
correlates with high cancer cell proliferation, poor prog-
nostic features, and chemoresistance.55,56 In accordance 
with this observation, we found a significant reduction of 
BNIP3 expression in a cohort of ALK– ALCL patients. This 
finding suggests a tumor-suppressive function of BNIP3 
also in the context of ALCL. We speculate that the loss of 
BNIP3 associated with reduced mitophagy may create a 
more aggressive tumor phenotype and contribute, at least 
in part, to the chemoresistance observed in this malig-
nancy. This evidence paves the way for the implementation 
of targeted therapeutic strategies able to re-express BNIP3 
in this lymphoid malignancy.  
In conclusion, we have characterized the novel lncRNA 
MTAAT as a new potential biomarker in the stratification 
of ALCL patients. Functionally, MTAAT acts as a transcrip-
tional brake on mitophagy, promoting the accumulation of 
mitochondria and supporting lymphoma progression. 
These findings corroborate our previous data showing a 
key role of lncRNA in the control of different transcriptional 
programs in ALK– ALCL. 
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