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Abstract: One of the hallmarks of the Alternative Lengthening of Telomeres (ALT) is the association 13 

with Promyelocytic Leukemia (PML) Nuclear Bodies, known as APBs. In the last years, APBs have 14 

been described as the main place where telomeric extension occurs in ALT positive cancer cell lines. 15 

A different set of proteins have been associated with APBs function, however, the molecular mech- 16 

anisms behind their assembly, colocalization, and clustering of telomeres, among others, remain 17 

unclear. To improve the understanding of APBs in the ALT pathway, we integrated multi-omics 18 

analyses to evaluate genomic, transcriptomic and proteomic alterations, and functional interactions 19 

of 71 APBs-related genes/proteins in 32 PanCancer Atlas studies from The Cancer Genome Atlas 20 

Consortium (TCGA). As a result, we identified 13 key proteins which showed distinctive mutations, 21 

interactions, and functional enrichment patterns across all the cancer types and proposed this set of 22 

proteins as candidates for future ex vivo and in vivo analyses that will validate these proteins to 23 

improve the understanding of the ALT pathway, fill the current research gap about APBs function 24 

and their role in ALT, and be considered as potential therapeutic targets for the diagnosis and treat- 25 

ment of ALT positive cancers in the future.    26 

Keywords: ALT, PML, Telomeres, Pan-Cancer, TCGA 27 

 28 

1. Introduction 29 

Telomeres are nucleoprotein complexes composed of tandem repeats of TTAGGG, 30 

whose primary function is to protect the ends of chromosomes against end-to-end fusions, 31 

chromosomal rearrangements, and genomic instability (1,2). In somatic cells, due to cell 32 

division, telomeres shorten, causing senescence or apoptosis (3). To avoid replicative se- 33 

nescence during tumorigenesis, telomerase reactivates in most types of cancer (3). How- 34 

ever, 10% to 15% of cancers use a telomerase-independent mechanism to preserve their 35 

telomeres, called, Alternative Lengthening of Telomeres (2). Some pathways and molec- 36 

ular mechanisms of ALT are not yet understood, but it has been proposed that it may use 37 

dependent or independent mechanisms of homologous recombination (HR) (4). 38 

 39 

A particular hallmark of ALT+ cells is the formation of an interactosome with Pro- 40 

myelocytic Leukemia (PML) Nuclear Bodies, known as ALT-associated PML Bodies 41 

(APBs) (5,6). PML bodies are membrane-less organelles found in the cell nucleus, which 42 

contain small ubiquitin-like modification (SUMO) sites (7) and are formed by PML, Sp100 43 

and SUMO-1/2/3 proteins. Additionally, they use more than 50 proteins such as RAD52, 44 

RAD51, RAD50, RPA, BLM, BRCA1, among others, which are involved in different cellu- 45 

lar functions, such as tumoral suppression, DNA replication, gene transcription, DNA 46 
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Damage Response (DDR), senescence, and apoptosis (8,9). In the course of APBs for- 47 

mation, all of the six subunits (TRF1, TRF2, POT1, TPP1, TIN2 and Rap1) that constitute 48 

the shelterin complex detach from the telomeric DNA and are incorporated into the APBs 49 

(SUMOylation of shelterin), creating a recombigenic microenvironment that contributes 50 

to ALT triggering (8).  51 

 52 

Normally, the PML bodies are disassembled when cells enter mitosis, however, due 53 

to their hyper-SUMOylated state, APBs have been observed in metaphases of cancer cell 54 

lines (7). Recent studies have shown that telomere clustering in tumoral cells promotes 55 

ALT through mitotic DNA synthesis (MiDAS) (5). By applying the ATSA (ALT telomere 56 

DNA synthesis in APBs) assay, Zhang et al. 2019, demonstrated that telomeric DNA syn- 57 

thesis in ALT+ cells take place exclusively in APBs while on the G2 phase of the cell cycle. 58 

In addition, the knockdown of the PML gene in ALT+ cells has resulted in a reduction of 59 

telomeres length and decreased ALT function (10).  60 

 61 

Despite having demonstrated that APBs are essential for the ALT pathway, many of 62 

the molecular mechanisms for their assembly and how telomeres cluster inside the PML 63 

bodies are still unknown (3,7,11). Furthermore, the molecular mechanisms behind the 64 

ALT pathway are still poorly understood (10). In a previous research, we identified a 65 

group of 20 genes/proteins that could be used as potential molecular markers for the study 66 

of ALT (12). 67 

 68 

Under this context, the aim of this study is to evaluate the genomic, transcriptomic 69 

and proteomic alterations of 71 genes/proteins associated with APBs by using an inte- 70 

grated TCGA PanCancer Atlas and multi-omics analyses in order to improve the under- 71 

standing of the role of APBs in cancer, their correlation with ALT and their application as 72 

potential molecular markers for the diagnosis and treatment of ALT+ cancers.  73 

 74 

2. Results 75 

 76 

2.1. Gene set and genomic, transcriptomic and proteomic alterations 77 

 78 

To evaluate the genomic, transcriptomic, and proteomic alterations of the 71 APBs 79 

genes/proteins (Table S1), these were analyzed in the cBioPortal (13,14) by selecting 10,918 80 

samples from 32 studies of the PanCancer Atlas (PCA) (15–24) from The Cancer Genome 81 

Atlas consortium (TCGA) (Table 1). 82 

 83 

Table 1. List of TCGA PanCancer Atlas studies selected  84 

TCGA study n 

Acute Myeloid Leukemia (LAML) 165 

Adrenocortical Carcinoma (ACC) 76 

Bladder Urothelial Carcinoma (BLCA) 402 

Brain Lower Grade Glioma (LGG) 507 

Breast Invasive Carcinoma (BRCA) 994 

Cervical Squamous Cell Carcinoma (CESC) 275 

Cholangiocarcinoma (CHOL) 36 

Colorectal Adenocarcinoma (COAD) 524 

Diffuse Large B-cell Lymphoma (DLBC) 39 

Esophageal Adenocarcinoma (ESCA) 181 

Glioblastoma Multiforme (GBM) 145 
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Head and Neck Squamous Cell Carcinoma (HNSC) 488 

Kidney Chromophobe (KICH) 65 

Kidney Renal Clear Cell Carcinoma (KIRC) 352 

Kidney Renal Papillary Cell Carcinoma (KIRP) 274 

Liver Hepatocellular Carcinoma (LIHC) 348 

Lung Adenocarcinoma (LUAD) 503 

Lung Squamous Cell Carcinoma (LUSC) 466 

Mesothelioma (MESO) 82 

Ovarian Serous Cystadenocarcinoma (OV) 201 

Pancreatic Adenocarcinoma (PAAD) 168 

Pheocromocytoma and Paraganlioma (PCPG) 161 

Prostate Adenocarcinoma (PRAD) 488 

Sarcoma (SARC) 251 

Skin Cutaneous Melanoma (SKCM) 363 

Stomach Adenocarcinoma (STAD) 407 

Testicular Germ Cell Tumors (TGCT) 144 

Thymoma (THYM) 119 

Thyroid Carcinoma (THCA) 480 

Uterine Carcinosarcoma (UCS) 56 

Uterine Corpus Endometrial Carcinoma (UCEC) 507 

Uveal Melanoma (UVM) 80 

 85 

 86 

A total of 72,492 alterations were identified and a donut chart was elaborated 87 

showing the most frequent alterations after all values were normalized by the number of 88 

samples in each study (Table S2). Figure 1a, shows that the most frequent genomic 89 

alteration was mRNA high (61%) followed by mRNA low (14.5%), CNV amplifications 90 

(8.50%), missense (putative passenger) mutations (6.90%), deep deletions (2.95%), and 91 

protein high and low with 1.53% and 1.31%, respectively. 92 

To understand the implication of APBs genes/proteins alterations in cancer 93 

progression from primary tumors to metastasis (T1 to T4), genomic, transcriptomic and 94 

proteomic alterations were subgrouped for each cancer and metastasis stage from the 95 

PCA studies, when available. All alterations were normalized by the number of samples 96 

in each stage per each study. No significant differences were found between cancer stage 97 

alterations (Figure 1b) or metastasis stage alterations (Figure 1c) after a multiple 98 

comparison with the Original False Discovery Rate (FDR) method of Benjamini and 99 

Hochberg (p<0.001). 100 

 101 

2.2. TCGA Pan-Cancer studies frequencies and OncoPrint of genomic and proteomic alterations 102 

 103 

With the values of genomic, transcriptomic, and proteomic alterations normalized 104 

by the number of samples in each study, the highest frequency means of alterations were 105 

calculated for the 32 studies and 71 genes/proteins (Table S3). UCS was the cancer type 106 

with the highest alteration frequency mean (10.456), followed by ESCA (9.555), UCEC 107 

(9.170), SKCM (8.557), BLCA (8.448), ACC (8.152), LUSC (8.016), CESC (8.003), BRCA 108 

(7.838), COAD (7.556), STAD (7.461), SARC (7.447), HNSC (7.061), LUAD (7.048), CHOL 109 

(6.833), OV (6.663), LIHC (6.653), TGCT (6.188), MESO (6.115), PAAD (6.060), DLBC 110 

(6.021), PRAD (5.846), KICH (5.846), KIRP (5.799), PCPG (5.494), LGG (5.484), KIRC 111 

(4.846), UVM (4.475), LAML (4.236), THCA (3.886), THYM (3.341) and GBM (2.157) 112 

(Figure 2a). 113 
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Figure 1. Genomic, transcriptomic, and proteomic alterations. (a) A donut chart with the most frequent alterations 142 

identified in the 71 APBs genes/proteins analyzed. (b) (c) Alterations observed in each cancer and metastasis stage of 143 

the PCA studies showing no significant difference among alterations in each stage 144 

 145 

 146 

Consequently, to identify highly altered genes/proteins, the first quartile of the PCA 147 

studies with the highest means of alterations were selected to construct a boxplot, and 148 

genes and proteins that showed significantly different patterns of alterations were 149 

identified by using Tukey’s test. Figure 2b shows twelve types of PCA studies in which 150 

the APBs genes/proteins present the highest number of frequency means alterations 151 

(Table S4). SENP5, TERF1, UPF1, NSMCE2, CDKN1A, SUMO2, ACD, KDM1A, ATM, 152 

CBX3, TP53B1, TEP1, NBN, ATR, PIAS4, XRCC6, MRE11, TOP3A, SBTB48, RAD52, HUS1, 153 

GNL3L genes/proteins showed significantly higher means of genomic, transcriptomic and 154 

proteomic alterations across the twelve studies, therefore, they can be considered as 155 

targets of interest for the following analyses. 156 

 157 

Finally, an OncoPrint with the first 2 quartiles of the genes/proteins with the highest 158 

means of genomic, transcriptomic, and proteomic alterations was constructed by using 159 
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the cBioPortal data (https://www.cbioportal.org/) (13,14) (Figure 3a), the most common 160 

alteration type observed was mRNA high, followed by mRNA low and CNV 161 

amplification (Table S5). In addition, genes/proteins with the highest alteration 162 

frequencies were NSMCE2, SENP5 and TERF1 with mRNA high alterations, TERF2, 163 

RAD17 and XRCC6 with mRNA low, NSMCE2, SENP5 and NBN with CNV 164 

amplification, HMBOX1, WRN and KDM4C with CNV deep deletion, ATM, TEP1 and 165 

ATR with missense mutations, ATM, STC2 and ATR with truncating mutations, MRE11, 166 

PCNA and RAD50 with protein high, TP53B1, ATM and CDKN1A with protein low and 167 

NSMCE2, SENP5 and TERF1 in the overall alterations (Figure 3b).  168 

 169 
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 171 
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 202 

Figure 2. Frequency of genomic, transcriptomic and proteomic alterations per TCGA Pan-Cancer type. (a) Frequency 203 

means of alterations of the 71 APBs genes/proteins across the 32 PCA studies. (b) Boxplot showing genes/proteins which 204 

showed significant differences in alterations patterns in twelve PCA studies.  205 
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 231 

Figure 3. OncoPrint and ranking of the genes/proteins with the highest means of alterations across the PCA studies. (a) 232 

OncoPrint of genomics, transcriptomics and proteomic alterations across 32 TCGA Pan-Cancer studies. (b) Ranking of 233 

the most altered genes/proteins per alteration type.  234 

 235 

2.3. Protein-Protein interaction (PPi) network and functional enrichment analysis 236 

 237 

PPi netwroks are fundamental resources to understand protein interactions among 238 

diseases (25). Thus,we analyzed the 71 APBs-related proteins selected for our study by 239 

querying the STRING database (26). After selecting the interaction score of the highest 240 

confidence (0.900) (27), according to the level of evidence of interactions, we obtained a 241 

network with 31 proteins interacting at the highest level of evidence, of which, 23 are 242 

involved in pathways significantly related (p<0.001) to the molecular functions linked to 243 

the mechanism of formation and function of APBs. Figure 4a shows interactions between 244 

proteins which are differentiated by colored nodes according to the most significant 245 

pathway in which each one is intervening; 70% of these are involved in telomeric DNA 246 

binding, 56% are involved in double-strand break repair (DSBR) and in Telomere 247 

Maintenance, 40% in telomere capping and positive and negative regulation of telomere 248 

maintenance and around 30% in homologous recombination and non-homologous end- 249 

joining (NHEJ) mechanisms. 250 

 251 
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 289 

Figure 4. Protein-protein interaction network and functional enrichment analysis. (a) PPi network showing APBs 290 

proteins interactions. Proteins are colored according to the most significant pathway they are involved (b) Functional 291 

enrichment analysis showing the most significant GO: biological processes, GO: molecular functions, and KEGG and 292 

REACTOME signaling pathways according to Benjamini-Hochberg FDR (p<0.001); data was visualized using the 293 

g:profiler software.  294 

 295 
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Additionally, a functional enrichment analysis of the 71 proteins was performed 296 

using the g:profiler software (28) (Table S6). Figure 4b shows a Manhattan plot of the most 297 

significant GO: Molecular functions, GO: Biological processes and KEGG and 298 

REACTOME (29) signaling pathways with Benjamini-Hochberg FDR (p<0.001), which 299 

gives us a clearer idea about the function of the studied proteins and will allow us to 300 

understand and discuss the consequences of their genomic alterations in the different 301 

types of cancer. 302 

 303 

2.4. Correlation between ALT and APBs in the TCGA PCA studies 304 

 305 

In our previous study (12), we classified the PCA tumors based on literature reports 306 

and in-silico analyses as: frequent, rare and non-ALT tumors. With the help of a Venn 307 

diagram (Figure 5a), a correlation was made among the ALT-related tumors from our 308 

previous study and the most altered tumors across the 32 PCA types of the present study 309 

with APBs. Consequently, it is observed that SARC, SKCM, UCS, ACC and STAD (ALT 310 

frequent tumors) and BLCA, UCEC, ESCA, COAD, LUSC and BRCA (ALT rare tumors) 311 

show a high frequency of genomic, transcriptomic and proteomic alterations of APBs-re- 312 

lated genes/proteins.  313 

 314 

As a result, the most altered proteins from the ALT frequent and rare tumors 315 

mentioned above were selected and a PPi was performed with the most altered APBs 316 

proteins from the same PCA studies by using the same criteria of evidence and interactions 317 

used in the construction of the previous network. Figure 5b shows the interactions between 318 

the APBs-related and ALT-related proteins from the frequent ALT tumors, and Figure 5c 319 

shows the interactions between the same groups of proteins but from the rare ALT tumors. 320 

Thus, the interaction of ALT and APBs proteins and their genomic, transcriptomic and 321 

proteomic alterations can be correlated to improve the understanding of their association 322 

in the activation of telomerase-independent telomere maintenance mechanisms in cancer.  323 

 324 

Then, to prioritize and identify a set of key proteins from the APBs, we integrated 325 

the most significant proteins from the networks in Figures 4a, 5b, 5c and the OncoPrint 326 

analysis in Figure 3a and 3b. As a consequence, Figure 5d shows a Venn diagram with the 327 

integrated analysis of the most significant APBs proteins from the different in-silico 328 

approaches applied, resulting in 13 key proteins.   329 

 330 

Finally, Figure 6 shows a heatmap with the most significant (p<0.001) GO processes, 331 

functions, and signaling pathways where these 13 APBs proteins are interacting according 332 

to the PPi network and functional enrichment analysis performed in previous steps. A 333 

total of 21 pathways related to TM mechanisms were selected and all of them are related 334 

to telomere maintenance mechanisms.   335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 
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 383 

Figure 5. Correlation of APBs-related and ALT-related proteins. (a) Venn diagram is showing the association of ALT 384 

frequent and related tumors with the PCA tumors with the highest means of alterations in the APBs proteins. (b) PPi 385 

network is showing the interaction among ALT-frequent tumors proteins and APBs proteins. (c) PPi network is showing 386 

the interaction among ALT-rare tumors proteins and APBs proteins. (d) Venn diagram is showing an integrative 387 

analysis of different in-silico approaches which resulted in the obtention of the 13 most relevant proteins of the study.  388 
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 401 
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 403 

 404 

Figure 6. Heatmap showing the 21 most significant GO processes, functions and signaling pathways (dark boxes) in 405 

which the 13 most relevant APBs proteins obtained in this study are involved.  406 

 407 

3. Discussion 408 

 The alternative lengthening of telomeres mechanism is a Break Induced Replication 409 

(BIR)-based process (11), through which, some cancer cells elongate their telomeres with- 410 

out the need of telomerase (30). Although ALT has been widely studied and described in 411 

the last years, the mechanism through which this is activated and most of its pathways 412 

are still poorly understood (6). One of the hallmarks of ALT is its association with pro- 413 

myelocytic leukemia nuclear bodies, better known as, APBs (31). APBs formation is driven 414 

by liquid-liquid phase separation with an environment marked by high levels of SUMOy- 415 

lated proteins, that bring telomeres together allowing ALT to occur; however, the way 416 

APBs assemble or how they promote ALT remains unclear (32). As a consequence, for this 417 

study we used a multi-omics approach to identify the genomic, transcriptomic and prote- 418 

omic mutations of 71 APBs-related genes in 32 cancer types from the TCGA PanCancer 419 

Atlas; as a result, we proposed 13 key proteins which in addition to the 20 ALT-related 420 

proteins proposed in a past study (12), represent the best in silico evidence so far for the 421 

study of the ALT mechanism in cancer.  422 

 A total of 72,492 alterations were identified (Figure 1) being mRNA alterations and 423 

CNV amplifications the predominant mutations; in cancer, there is a close correlation be- 424 

tween CNV and differential gene expression at a transcriptional level (33), therefore, the 425 

correlation of these alterations in the APBs-related genes may help to explain its function 426 

in the ALT pathway. ALT is known to commonly occur only in 10% to 15% of cancers, 427 

most of them from mesenchymal origin (34); however, in the last years, ALT+ cells have 428 

been observed in a wide variety of epithelial tumors, and there is strong evidence of 429 

switching from a telomerase-mediated telomeric extension to ALT, as a consequence of 430 

anti-telomerase and radiation-based therapies which can trigger the accumulation of 431 

DNA damage response (DDR) factors in telomeres that can lead to ALT activation (35,36).  432 

With the first quartile of PCA studies exhibiting the highest frequencies of altera- 433 

tions, we constructed a boxplot applying the Tukey ś test and as a consequence, the 434 
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genes/proteins with different patterns of genomic, proteomic, and transcriptomic altera- 435 

tions were determined. Figure 2b shows genes/proteins SENP5, TERF1, UPF1, NSMCE2, 436 

CDKN1A, SUMO2, ACD, KDM1A, ATM, CBX3, TP53B1, TEP1, NBN, ATR, PIAS4, 437 

XRCC6, MRE11, TOP3A, SBTB48, RAD52, HUS1, and GNL3L to have the highest frequen- 438 

cies of alterations among the different PCA studies. Then, we wanted to observe the pre- 439 

dominant mutations of each gene/protein, therefore, an OncoPrint with the first quartile 440 

of genes/proteins with the highest frequencies of alteration was constructed with the aid 441 

of alterations data from the cBioPortal (13,14); Figure 3a shows the predominant altera- 442 

tions of each gene/protein, where mRNA high has the highest percentage of alterations, 443 

nevertheless, XRCC6, TERF2, ATM, TP53B1, MRE11, RAD50, CDKN1A, TINF2, WRN, 444 

and RPA1 are genes/proteins with a different pattern of alterations, hence, we decided to 445 

rank each gene/protein per alteration; Figure 3b shows each genomic, transcriptomic or 446 

proteomic alteration with a ranking of the most altered gene/protein for each one. This 447 

ranking will allow us to elucidate the role of each gene/protein in APBs. For instance, 448 

NSMCE2 is highly amplified and overexpressed across the PCA studies (Figure 3b), this 449 

gene encodes a protein of the small ubiquitin-related modifier (SUMO) and it is part of 450 

the SMC5/6 complex, which is crucial for the SUMOylation of proteins (37) that is a hall- 451 

mark of the APBs environment, additionally, the knockdown of NSMCE2 in ALT+ cell 452 

lines had led to a reduction of telomere length (38).  453 

 To further understand the role of the proteins analyzed in this study, we constructed 454 

a protein interactome among the 71 APBs-related proteins by using the highest confidence 455 

score of 0.9 according to co-expression, curated from the STRING database and experi- 456 

mentally determined parameters; as a result in Figure 4a, a protein-protein interaction 457 

(PPi) network with 31 proteins is observed, the most significant (p<0.001) pathways were 458 

DNA double-strand breaks (DDSB), telomere maintenance (TM), negative and positive 459 

regulation of telomere maintenance, non-homologous end joining (NHEJ) and homolo- 460 

gous recombination (HR). ALT is a BIR-related process, triggered by oxidative stress and 461 

due to cancer treatment; all NHEJ and HR, are BIR-related pathways that are proposed as 462 

the main way by which ALT+ cells extend their telomeres (39), in fact, BIR-induced repli- 463 

cation stress with the SUMOylation of key proteins initiates the recruitment of DNA dam- 464 

age response (DDR) factors in APBs of ALT+ cell lines (40). Moreover, a functional enrich- 465 

ment analysis was performed according to Benjamini-Hochberg FDR score (p<0.001); Fig- 466 

ure 4b shows a Manhattan plot with the most relevant molecular functions (telomeric 467 

DNA binding), biological processes (TM, DSB repair) and signaling pathways (HR, Fan- 468 

coni anemia pathway, NHEJ, SUMOylation); Fanconi anemia pathway proteins like 469 

FANCD2, are highly correlated with ALT(41); one report suggests that its depletion can 470 

lead to a high telomeric extension in APBs and the over expression of H2AX and TP53B1 471 

proteins which are positive regulators of ALT (40); in Figure 3b, FANCD2 is ranked in the 472 

truncating mutations groups, which is favorable for ALT activation.  473 

 In our last study, we classified the PCA studies according to literature reports and 474 

alteration frequencies as ALT-frequent tumors, ALT-rare tumors, and not reported (12). 475 

With the aim to observe in which category the PCA studies with the highest frequencies 476 

of genomic, transcriptomic and proteomic alterations of this study are, we grouped them 477 

in a Venn diagram which can be observed in Figure 5a, showing that SARC, SKCM, UCS, 478 

ACC and STAD are ALT-frequent tumors and BLCA, UCEC, ESCA, OV, HNSC, BRCA, 479 

LUSC, LUAD and COAD are in the ALT-rare tumors. Then, we constructed two protein 480 

interactomes applying the same criteria used for the previous PPi; Figure 5b shows an 481 

interactome of ALT-related proteins and APBs- related proteins which have high altera- 482 

tion frequencies in ALT-frequent tumors, while Figure 5c shows the interactions of ALT- 483 

related proteins and APBs-related proteins with the highest alteration frequencies in ALT- 484 

rare tumors. These interactomes can improve the understanding of how PMLs associate 485 

with ALT+ cell lines for the assembling of APBs; for instance, HDAC7 is believed to 486 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 October 2021                   doi:10.20944/preprints202110.0001.v1

https://doi.org/10.20944/preprints202110.0001.v1


Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 12 of 17 
 

 

promote PML protein SUMOylation (4), however, how the HDAC family interacts with 487 

PMLs is still unclear; in the interactome in Figure 5c, HDAC7 is interacting directly with 488 

UBE2I which is a highly expressed protein in ALT+ cancers like osteosarcoma (42,43).  489 

Moreover, we integrated all the multi-omics approaches used in the study: PCA ge- 490 

nomic, transcriptomic and proteomic alterations, protein interactomes, enrichment func- 491 

tional analysis and gene ontology in a single Venn diagram (Figure 5d) and identified 13 492 

proteins that have significative alterations and interactions. MRE11 and NBN that are part 493 

of the MRN complex (MRE11/RAD50/NBN) which is predicted to be a key step in APBs 494 

formation (44); TERF1 and TERF2, components of the shelterin complex, are believed to 495 

be recruited by APBs with the aid of the MRN complex and PML protein and are predicted 496 

to be SUMOylated by NSMCE2 in ALT+ cell lines (45–47). Furthermore, TERF1 inhibition 497 

has been associated with the disassembly of APBs and a phosphorylated form of TERF1 498 

has been detected in the APBs of some ALT+ cell lines (48–50) however, the mechanism 499 

behind TERF1/2 interaction with the PML protein in the assemble of APBs remains un- 500 

clear (46). CDKN1A protein knockdown is associated with activation of ALT (51), Figure 501 

3b, shows CDKN1A to have low protein expression in about 20% of the PCA studies and 502 

truncating mutations in 10% of cancers. HUS1 is part of the 911 (RAD9-RAD1-HUS1) 503 

checkpoint which activates ATR and protects telomere integrity during DNA damage re- 504 

sponse and oxidative stress (41,52). SENP5 is a key protein in the SUMOylation pathway 505 

(42,53), UBE2I is a positive regulator of APBs (42,43), DNMT1 depletion is related to ALT 506 

activation (41) and ATM and PCNA have been observed to colocalize with APBs during 507 

HR and HDR (54,55). Finally, to summarize the role of the 13 key APBs-related proteins, 508 

a heatmap was elaborated showing the 21 most significant pathways in which they are 509 

interacting (Figure 6). 510 

 This work identified 13 key APBs-related proteins which after a series of integrated 511 

in-silico and multi-omics analyses showed distinctive genomic, transcriptomic and prote- 512 

omic alterations, significant protein-protein interaction patterns and to be involved in sig- 513 

nificant pathways related to telomere maintenance through APBs. This protein set in ad- 514 

dition to 20 ALT-related proteins identified in a previous study (12), represents so far to 515 

our knowledge the most complete in-silico evidence of potential molecular targets for the 516 

study of the ALT pathway. Further ex vivo analyses will support this in silico results and 517 

the addition of this set of proteins to fill the knowledge gap that currently exists in the 518 

ALT pathway research. Bioinformatics techniques through the aid of computational biol- 519 

ogy models have proven to be valuable tools to prioritize proteins that could improve 520 

future in vivo research in different hallmarks of cancer progression as the APBs mediated 521 

telomere maintenance.  522 

4. Materials and Methods 523 

4.1. Gene/protein set 524 

TelNet (http://www.cancertelsys.org/telnet/) is a database that groups more than 525 

2000 human telomere maintenance (TM) genes. All genes are annotated according to their 526 

classification of telomere maintenance mechanism, telomere maintenance function, and a 527 

significance score given by the evidence of gene function in telomeres (56). The database 528 

shows the role of each gene in ALT and telomerase-mediated mechanisms. Therefore, the 529 

TelNet database was downloaded and manually filtered resulting in a set of 71 genes that 530 

are related to PMLs and APBs.  531 

 532 

 533 
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4.2. TCGA PanCancer studies frequencies and OncoPrint of genomic and proteomic alterations 534 

After selecting the set of APBs-related genes, we analyzed their genomic, tran- 535 

scriptomic and proteomic alterations in 32 cancer studies from the PanCancer Atlas (PCA) 536 

project which is part of The Cancer Genome Atlas (TCGA) consortium (15,20). With the 537 

aid of the cBio Portal database (http://www.cbioportal.org/) (13,14), a total of 10,918 sam- 538 

ples were selected from the 32 PCA studies: LAML, ACC, BLCA, LGG, BRCA, CESC, 539 

CHOL, COAD, DLBC, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, 540 

MESO, OV, PAAD, PCPG, PRAD, SARC, SKCM, STAD, TGCT, THYM, THCA, UCS, 541 

UCEC and UVM (15–24). The cBioPortal uses data from the GISTIC2.0 computational ap- 542 

proach which facilitates sensitive and confident localization of CNV amplifications and 543 

deep deletions in human cancers (57); additionally, it identifies inframe, truncating, and 544 

missense mutations through whole-exome sequencing; mRNA up and down-regulation 545 

are analyzed through RNA sequencing V2 RSEM by comparing the expression Z-scores of 546 

tumor samples to the logarithmic expression of mRNA of adjacent normal samples (58) 547 

and the up and down expression of protein are measured by reverse-phase protein arrays 548 

(RPPA) (59).  549 

To calculate the frequency means of every genomic, transcriptomic, and proteomic 550 

alteration and construct the OncoPrint we: 1) filtered and calculated the number of altera- 551 

tions per gene and per PCA type; 2) calculated the frequency of alteration of each gene 552 

through normalization by dividing the number of alterations by the number of individuals 553 

of each cancer study; 3) identified the most altered APBs genes/proteins with the aid of a 554 

boxplot by using Tukey ś test; 4) validated the most significantly altered genes/proteins 555 

with a multiple comparison test by using the Original False Discovery Rate (FDR) method 556 

of Benjamini and Hochberg using the GraphPad Prism v9.1.1 software (p< 0.01) (60) 557 

4.3. Protein-protein interaction network 558 

In order to predict the most essential protein interactions, and APBs protein-protein 559 

interactome (PPi) network was constructed with the aid of the STRING database 560 

(https://string-db.org/). An interaction score of 0.9 (highest confidence) was set according 561 

to co-expression, curated from the database, and experimentally determined (26,61). The 562 

most significant signaling pathways (p< 0.001) related to APBs were selected and differen- 563 

tiated by colors in the network.  564 

4.4. Functional enrichment analysis  565 

An enrichment analysis gives curated signatures of protein sets generated from om- 566 

ics experiments (62). Thus, we performed the analysis of the 71 APBs proteins by using the 567 

g:Profiler tool version e104_eg51_p15_3922dba (https://biit.cs.ut.ee/gprofiler/gost) (28). 568 

The most significant annotations were selected after Benjamini-Hochberg and False Dis- 569 

covery Rate (FDR) corrections (p< 0.001), based on Gene Ontology (GO), Molecular Func- 570 

tion (MF), Biological Process (BP), the Kyoto Encyclopedia of Genes and Genomes (KEGG) 571 

and REACTOME signaling pathways (28,63).  572 

4.5. Correlation between ALT and APBs in the PanCancer studies 573 

In our previous research (12) ALT tumors were classified as frequent ALT tumors 574 

and rare ALT tumors. For this study, we wanted to determine whether the key APBs pro- 575 

teins identified in this study have a correlation with the ALT proteins identified in our 576 

latter study. Under this context we: 1) elaborated a Venn diagram to correlate the type of 577 
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ALT tumor with the PCA studies with the most significant patterns of genomic, tran- 578 

scriptomic, and proteomic alterations; 2) constructed PPi networks to predict the interac- 579 

tions among the APBs proteins with the highest frequencies of alterations and the most 580 

altered proteins from each ALT-frequent and ALT-rare groups determined in our previous 581 

study; and 3) with the aid of a Venn diagram we integrated four different approaches in 582 

order to predict key proteins from the APBs pathway.    583 

Supplementary Materials: Table S1: Gene/protein set. Table S2: Genomic, transcriptomic and pro- 584 
teomic alterations across the 32 PCA studies. Table S3: TCGA Study vs Alteration (normalized). 585 
Table S4: TCGA Study vs gene (normalized). Table S5: OncoPrint. Table S6: Functional enrichment 586 
analysis.  587 
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