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Resumen 

El cáncer de mama (CaMa) es un problema de salud pública, ya que es el tumor maligno 

más frecuente en las mujeres de todo el mundo. El CaMa es una enfermedad molecular- 

mente heterogénea, sobre todo a nivel de expresión transcriptómica (mRNA). Datos re- 

cientes demuestran que los RNAs codificantes (cRNA) representan sólo el 34% del trans- 

criptoma total de una célula humana. El 66% restante son RNA no codificantes (ncRNA), 

por lo que se podría estar perdiendo información biológica, clínica o regulatoria relevante. 

En este trabajo de tesis doctoral, se identificaron dos RNAs largos no codificantes (lncR- 

NAs) con importantes implicaciones biológicas y clínicas en el cáncer de mama, concre- 

tamente FAM83H AS1 y LINC00460. 

Se identificaron nueve nuevos tipos de tumores derivados de la base de datos Tha Can- 

cer Genome Atlas (TCGA) con desregulación de FAM83H AS1. Se utilizó un análisis de 

supervivencia para demostrar que la expresión de FAM83H AS1 es un marcador de mala 

supervivencia en pacientes con CaMa positivos para receptor de estrógenos (ER) y re- 

ceptor de progesterona (PR) detectados por inmunohistoquímica (IHC). Adicionalmente, 

se encontró una correlación significativa entre la sobreexpresión de FAM83H AS1 y la 

resistencia al tamoxifeno. Los niveles de expresión de los receptores de estrógeno y pro- 

gesterona interactúan con FAM83H-AS1 para potenciar su efecto en la predicción de la 

supervivencia global (OS). El silenciamiento de FAM83H-AS1 afecta a dos importantes 

vías relacionadas con el cáncer de mama: la migración y la muerte celular. Entre los 

genes blanco potenciales de FAM83H AS1, encontramos que los transcritos p63 y Clau- 

dina 1 (CLDN1) se desregulan tras el silenciamiento de FAM83H AS1. Utilizando un aná- 

lisis de correlación, se mostró que FAM83H AS1 puede regular un conjunto de genes 

relacionados con el cáncer en múltiples tipos de tumores, incluyendo CaMa. Estas evi- 

dencias sugieren que FAM83H AS1 es un regulador maestro en diferentes tipos de cán- 

cer, y CaMa en particular. 

En cuanto a LINC00460, se identificaron dos nuevos tipos de tumores en la base de datos 

TCGA con desregulación del mencionado lncRNA. LINC00460 es un marcador cuya so- 

breexpresión predice una mala OS, baja supervivencia libre de recaídas (RFS) y baja 

supervivencia libre de metástasis a distancia (DMFS) en pacientes CaMa parecido a ba- 

sal. La expresión de LINC00460 es un marcador potencial de fenotipos agresivos en 
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distintos tumores, incluyendo el cáncer de cabeza y cuello (HNSC) negativo al Virus de 

Papiloma Humano (VPH), cáncer de riñón de células claras (KIRC) en etapa IV, cáncer 

de pulmón localmente avanzado y CaMa parecido a basal. Se mostró que el efecto de la 

expresión pronóstica de LINC00460 es específico de cada tejido, ya que su regulación al 

alza puede predecir una mala OS en algunos tumores, pero también predice una mejor 

evolución clínica en los pacientes con CaMa. Se identificó que la expresión de LINC00460 

está significativamente enriquecida en el subtipo Triple negativo (TNBC) pa- recido a 

basal 2 (BL2) y regula potencialmente la vía de diferenciación Wingless (WNT). 

LINC00460 también puede modular un conjunto de transcritos relacionados con la inmu- 

nidad innata en CaMa, como SFRP5, FOSL1, IFNK, CSF2, DUSP7 e IL1A. LINC00460 

interactúa con miR-103-a-1, in-silico, el cual, a su vez, ya no puede unirse a WNT7A. Por 

último, la relación LINC00460:WNT7A constituye un marcador compuesto para la dismi- 

nución de la OS y la RFS en CaMa parecido a basal, y predice la respuesta al tratamiento 

con antraciclinas en pacientes con CaMa ER-. Estas evidencias confirman que 

LINC00460 es un regulador maestro de los circuitos moleculares del CaMa e influye de 

manera importante en el curso clínico de las pacientes. 

 

 
Abstract 

 
Breast cancer (BRCA) is a serious public health problem, as it is the most frequent ma- 

lignant tumor in women worldwide. BRCA is a molecularly heterogenic disease, particu- 

larly at gene expression (mRNAs) level. Recent evidence shows that coding RNAs rep- 

resent only 34% of the total transcriptome in a human cell. The remaining 66% RNAs are 

non-coding, so relevant biological, clinical or regulatory information could be lost. In this 

doctoral thesis report, we identified two long non coding RNAs (lncRNAs) with important 

biological and clinical implications in breast cancer, namely FAM83H-AS1 and 

LINC00460. 

Nine novel tumor types have been identified from TCGA with FAM83H-AS1 deregulation. 

This study used survival analysis to demonstrate that FAM83H-AS1 expression is a 

marker for poor survival in IHC-detected ER and PR positive CaMa patients and found a 

significant correlation between FAM83H-AS1 overexpression and tamoxifen resistance. 

Estrogen and Progesterone receptor expression levels interact with FAM83H-AS1 to 
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potentiate its effect in OS prediction. FAM83H-AS1 silencing impairs two important breast 

cancer related pathways: cell migration and cell death. Among the most relevant potential 

FAM83H-AS1gene targets, there were found p63 and claudin 1 (CLDN1) to be deregu- 

lated after FAM83H-AS1 knockdown. Using correlation analysis, this study shows that 

FAM83H-AS1 can regulate a plethora of cancer-related genes across multiple tumor 

types, including BRCA. This evidence suggests that FAM83H-AS1 is a master regulator 

in different cancer types, and BRCA in particular. 

Regarding LINC00460, two novel tumor types from TCGA were found with deregulation 

of the aforementioned lncRNA. The survival analysis was used to demonstrate that 

LINC00460 expression is a marker for poor overall (OS), relapse-free (RFS) and distant 

metastasis-free survival (DMFS) in basal-like BRCA patients. LINC00460 expression is a 

potential marker for aggressive phenotypes in distinct tumors, including HPV-negative 

HNSC, stage IV KIRC, locally advanced lung cancer and basal-like BRCA. 

It was shown/proved that the LINC00460 prognostic expression effect is tissue-specific, 

since its upregulation can predict poor OS in some tumors, but also predicts an improved 

clinical course in CaMa patients. It was found that the LINC00460 expression is signifi- 

cantly enriched in the Basal-like 2 (BL2) TNBC subtype and potentially regulates the WNT 

differentiation pathway. LINC00460 can also modulate a plethora of immunogenic related 

genes in CaMa, such as SFRP5, FOSL1, IFNK, CSF2, DUSP7 and IL1A and interacts 

with miR-103-a-1, in-silico, which, in turn, can no longer target WNT7A. Finally, 

LINC00460:WNT7A ratio constitutes a composite marker for decreased OS and DMFS in 

Basal-like CaMa, and can predict anthracycline therapy response in ER-BRCA patients. 

This evidence confirms that LINC00460 is a master regulator in BRCA molecular circuits 

and influences clinical outcome. 
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1. INTRODUCCIÓN 
1.1. Epidemiología del cáncer 

 
El cáncer representa un reto en salud pública, ya que es la segunda causa de muerte a 

nivel mundial. En el año 2012, una de cada ocho muertes se debió a este conjunto de 

enfermedades, ocasionando 8.2 millones de defunciones. Actualmente 32.6 millones de 

personas viven con cáncer, siendo los tipos más comunes: pulmón, próstata y mama, 

este último es el más frecuente en mujeres de todo el mundo, con 1.67 millones de casos 

nuevos cada año y 520 mil fallecimientos, de los cuales el 70% ocurren en países en vías 

de desarrollo (Bray et al., 2018). 

1.2. Cáncer de mama 
 

En México, el cáncer de mama (CaMa) es desde el 2006 una enfermedad de interés 

nacional, ya que el 24.8% de todos los cánceres femeninos corresponde a este tipo. El 

CaMa se posiciona como el primer lugar en enfermedades neoplásicas y la segunda 

causa de muerte en mujeres mexicanas de todos los estratos económicos (Figura 1. 

(Bray et al., 2018; Cárdenas-Sánchez et al., 2019). 

Se estima que la incidencia y la mortalidad seguirán aumentando de manera importante 

debido al envejecimiento poblacional, a los cambios en los patrones reproductivos y a 

una mayor prevalencia de los factores de riesgo; convirtiéndose entonces en una priori- 

dad para el sistema de salud en México (Cárdenas-Sánchez et al., 2019). 

El diagnóstico y las decisiones de tratamiento en pacientes con cáncer de mama se rea- 

lizan con base en factores pronóstico y predictivos que incluyen variables clínicas, como 

la estadificación del tumor, tamaño tumoral, presencia de invasión en nódulos linfáticos 

y metástasis. Adicionalmente, se realizan estudios inmunohistoquímicos que caracteri- 

zan la presencia y nivel de expresión de 3 receptores: el receptor de estrógenos (RE), 

receptor de progesterona (RP) y el receptor 2 del factor de crecimiento epidérmico 

(HER2) (Allred et al., 1998), los cuales son los tres principales biomarcadores utilizados 

en la práctica clínica para clasificar el CaMa (figura 2). 
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Figura 1. Epidemiología del cáncer de mama (CaMa) y otros tumores en México. El CaMa es el primer lugar 
en incidencia y mortalidad en mujeres en nuestro país. Modificado de (Bray et al., 2018). 

 

 
Estos factores, en conjunto, determinan el diagnóstico clínico, pronóstico y el esquema 

de tratamiento de las pacientes. No obstante, se ha observado que las pacientes presen- 

tan cursos clínicos distintos y responden diferencialmente a los tratamientos, aun cuando 

el diagnóstico inicial es similar. Adicionalmente, se estima que la tasa de mortalidad es- 

tandarizada (por 100,000 habitantes) es de 12.9 (Ghoncheh, Pournamdar y Salehiniya, 

2016). La mortalidad en CaMa está relacionada con la recurrencia del tumor y la resis- 

tencia a los tratamientos disponibles. Estos fenómenos clínicos se asocian principal- 

mente a que la clasificación fenotípica basada en receptores no considera la clasificación 

genómica del CaMa. 

 
 

1.3. Genómica del cáncer de mama 
 

En las últimas décadas, se ha realizado un esfuerzo considerable en cuanto a la carac- 

terización de las alteraciones genómicas presentes en el genoma y transcriptoma de 

  

Mortalidad  Incidencia
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los tumores de mama. 

 
Uno de los abordajes genómicos lo constituye el análisis de cambios en los perfiles de 

expresión de RNA mensajero (mRNA) como herramienta de clasificación y evaluación de 

riesgo de recurrencia o muerte por actividad tumoral. En el año 2001, Perou y colabora- 

dores analizaron la expresión de 8,102 mRNA en 78 tumores de mama, observando que 

476 genes (perfil intrínseco de expresión) permiten subclasificar a 

 

Figura 2. La expresión de receptores hormonales y HER2 determina la terapia de las pacientes y el 
curso clínico de éstas. Las biopsias de pacientes son analizadas por inmunohistoquímica para detectar 

ER, PR y HER2. Dependiendo de la presencia o ausencia de éstos, se decide el tratamiento de las pacien- 

tes. Esto, a su vez, determina su pronóstico clínico. Modificado de Sawe et al.(2016) y de Li et al., (2011) 

en BioRender (BioRender.com). 

 
los tumores de mama en 5 fenotipos moleculares: Luminal A, Luminal B, enriquecido en 

Her2, parecido a basal y parecido a normal, cada uno con firmas de expresión génica 

diferente (Sørlie et al., 2001). En 2009, con el uso de 50 genes se conservó el agrupa- 

miento de tumores por subtipo molecular (PAM50) y se refinó a 4 subtipos moleculares 
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intrínsecos, que son Luminal A, Luminal B, enriquecido en Her2 y parecido a basal. Este 

clasificador constituye un avance considerable en el campo, no solo en la comprensión 

de la biología del CaMa, sino también porque es uno de los primeros ejemplos de la 

traducción de una herramienta genómica en un producto de utilidad directa en la atención 

clínica. El PAM50 da información de pronóstico personalizado en cuanto a riesgo de re- 

currencia y eficacia de la terapia en las pacientes con CaMa (Parker et al., 2009). 

 

A continuación, se describen brevemente las características de los subtipos moleculares 

de CaMa identificados en el perfil de expresión PAM50(ver figura 3). 

 

   
 

 

 

           

 

 

      

 

 

 

        

 

 

 

 

 

    

  
 

              

                

1.3.1.  Luminal  A
Es el subtipo más frecuente en las pacientes con CaMa, ya que representa el 50-60%

de los casos. El 85% de los tumores  Luminal A presentan bajo grado tumoral (de Kruijf

et al., 2014), niveles altos de expresión de ER y PR, así como expresión moderada de

genes  relacionados  con  la  proliferación  celular  (Yersal  y  Barutca,  2014).  Adicionalmente,

estos tumores  presentan una alta expresión de GATA Binding Protein 3 (GATA3), He-

patocyte Nuclear Factor 3a (HNF3-a), Solute Carrier  Family 39 Member 6 (SLC39A6),

entre  otros  (Dressman  et  al.,  2001).

Los  subtipos  moleculares  intrínsecos  pueden  aproximarse  a  través  de  las  técnicas  de

tinción  inmunohistoquímica  (Cheang  et  al.,  2009;  Lips  et  al.,  2013;  Prat  et  al.,  2013;

Maisonneuve  et al., 2014). Para que una muestra sea considerada como Luminal A por

aproximación  inmunohistoquímica  debe  cumplir  los  siguientes  parámetros:  ER+,

PR>20%, HER2-, Ki67<20% y un grado histológico bajo (1 ó 2) (Cárdenas-Sánchez  et

al.,  2019).  Las  pacientes  Luminal  A  son  las que  presentan  un  mejor  pronóstico  clínico

(Howlader  et al., 2018). La tasa de recaída es significativamente menor que la de otros

subtipos (<5%) (Shim  et al., 2014). La metástasis es común en hueso (70%), mientras

que, en el hígado, los pulmones y el cerebro, ocurre en menos del 10% de las pacientes

(Kennecke  et  al.,  2010).

1.3.2.  Luminal B
  Estos tumores son los segundos más frecuentes de CaMa, ya que se presentan en el

15-20%  de  los  casos.  Los  cánceres  tipo  Luminal  B  son  considerados  como  agresivos,  ya

que  presentan  un  grado  tumoral  más  alto  (93%  de  los  casos)  y  un  peor  pronóstico  clínico,
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comparado con las pacientes Luminal A (Creighton, 2012; de Kruijf et al., 2014; Howlader 

et al., 2018). Los tumores subtipo Luminal B presentan una alta expresión de genes aso- 

ciados a la proliferación. Pueden presentar un nivel de expresión de Ki67 alto (mayor a 

14% de células positivas), pero una baja expresión de ciertos genes pertenecientes a las 

vías asociadas a hormonas, como el PR, aunque no ER (Prat et al., 2013). Adicional- 

mente, se ha reportado que expresan altos niveles de los genes Homólogo de oncogen 

viral de mieloblastosis (v-MYB), y Ciclina E1 (CCNE1), entre otros. 

Los tumores Luminal B se aproximan por inmunohistoquímica, mediante los siguientes 

criterios: ER+, PR <20%, HER2- o HER2+, Ki67>20% y un grado histológico alto (Cárde- 

nas-Sánchez et al., 2019). Adicionalmente, se ha observado un aumento en la expresión 

de HER2, del Receptor 1 del factor de crecimiento de fibroblastos (FGFR1) y Receptor 1 

del factor de crecimiento similar a la insulina (IGF1R) (Reis-Filho et al., 2010). Aproxima- 

damente el 20%-30% de los tumores HER2+ son clasificados en el subtipo Luminal B 

(Tran y Bedard, 2011). 

 
 

1.3.3. Enriquecido en HER2 
Este subtipo comprende el 15-20% de los casos. Se caracteriza por la alta expresión de 

genes contenidos en el amplicón HER2 La positividad a la proteína HER2 se asocia a un 

comportamiento biológico y clínico más agresivo (Yersal and Barutca, 2014; Howlader et 

al., 2018). Morfológicamente, los tumores son muy proliferativos; el 75% de ellos tienen 

un alto grado tumoral y más del 40% presentan mutaciones en p53 (Tsutsui et al., 2003). 

En ausencia de tratamiento, los tumores HER2 positivos se asocian con un pronóstico 

desfavorable, aun comparándolo con el subtipo parecido a basal (Yersal y Barutca, 2014; 

Cedro-Tanda et al., 2020). 

1.3.4. Parecido a basal 
Representa del 8-37% de todos los casos. Se asocia con un alto grado tumoral (93% de 

los casos) (de Kruijf et al., 2014) e índices mitóticos y proliferativos altos (Ki67>50%) 

(Rakha et al., 2009; Wang et al., 2016). Adicionalmente, presentan una alta expresión de 

citoqueratinas basales (CK5/6 y CK17), proteínas asociadas a la proliferación y lamini- 

nas, entre otros. La mayoría de estos tumores tienen un comportamiento clínico alta- 

mente agresivo (probabilidad de supervivencia, (74% a tres años) (Howlader et al., 2018) 
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y alta tasa de metástasis a hueso (37%) y pulmones (32%) (Wu et al., 2017). El 62% de 

los tumores parecidos a basal, presentan mutaciones en p53 (Shah et al., 2012). Ade- 

más, dentro de este subtipo, se ubican cerca del 75% de las pacientes con por lo menos 

una mutación en el gen BRCA1 (Foulkes et al., 2004). 

 

 
Figura 3. El cáncer de mama se clasifica en 4 subtipos moleculares intrínsecos Cada subtipo molecular 
(enriquecido en HER2, Luminal B, Parecido a basal y Luminal A) se caracteriza por firmas de expresión de 
genes particulares (clusters de genes), que se relacionan con un fenotipo celular Basal, Luminal o con procesos 
biológicos como la Proliferación. En rojo se muestran los transcritos sobreexpresados, mientras que en verde, 
los transcritos subexpresados. Modificado de (Prat et al., 2013) en BioRender (BioRender.com). 

 

1.3.5. Predicción de sobrevida y respuesta a terapia utilizando los subtipos 
moleculares 

 
El principio sobre el cual se basa la capacidad predictiva del PAM50 está en que cada 

uno de los subtipos moleculares que identifica presenta un curso clínico diferente. En un 

estudio donde se estratificó a las pacientes con base en diferentes etapas clínicas (I- IV) 

en los subtipos moleculares se observó que las pacientes Luminal A y B presentan las 

mejores tasas de OS (97% a 45% a 4 años) respecto a los subtipos enriquecidos en Her2 

(97% a 34% a 4 años) y parecidos a basal (95%-11% a 4 años) (Howlader et al., 2018). 

Sin embargo, existe una mayor tasa de muerte en pacientes con subtipos Luminales B 

después de 5 años, siendo igual a la mortalidad asociada al subtipo parecido a basal. 
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En la actualidad, los factores clínico-patológicos y moleculares se han utilizado para eva- 

luar el riesgo de muerte y la respuesta a tratamiento en pacientes con CaMa. Los bio- 

marcadores utilizados en la práctica clínica son: el receptor de estrógenos (ER); el recep- 

tor de Progesterona (PR) y el HER2. Dependiendo de los niveles de expresión de estos 

marcadores, es posible evaluar el pronóstico y el tratamiento de las pacientes. 

Como se mencionó previamente, Perou et al. (2001) fueron los primeros en describir los 

cuatro subtipos moleculares intrínsecos de CaMa, que se identificaron originalmente me- 

diante la expresión genética diferencial de 1.753 genes. Estudios subsecuentes confir- 

maron la existencia de estos subgrupos y mostraron que son capaces de predecir la OS 

y la RFS (Sorlie, T., et al., 2001). Posteriormente, la lista de genes se limitó a los 50 genes 

clasificadores del ensayo PAM50, manteniendo la clasificación biológica y la precisión 

pronóstica de subtipos moleculares intrínsecos (van ’t Veer, L., et al., 2002). 

El clasificador PAM50 basado en el método de Reacción en Cadena de la Polimerasa 

(PCR) es pronóstico en mujeres posmenopáusicas RE positivas tratadas solamente con 

tamoxifeno (Nielsen, T., et al., 2010). Además, este clasificador funciona como prueba 

pronóstica y predictiva del beneficio de la terapia con tamoxifeno en mujeres premeno- 

páusicas tratadas con terapia hormonal adyuvante (Chia, S. K., et al., 2012). Los subtipos 

de PAM50 también predicen el beneficio del tratamiento con quimioterapia adyuvante 

(Martín, M., et al., 2013; Cheang, M. C. U., et al., 2012; Jørgensen, C. L. T., et al, 2014) 

y la respuesta patológica completa (Parker, J. S., et al., 2009). Adicionalmente, estos 

estudios mostraron que el PAM50 es un mejor predictor de la eficacia de la terapia y del 

pronóstico que los sustitutos aproximados basados en la IHQ (Nielsen, T., et al., 2010; 

Chia, S. K., et al., 2012; Martín, M., et al., 2013). En mujeres posmenopáusicas con CaMa 

temprano RE+, tratadas con tamoxifeno o tamoxifeno seguido de anastrozol, el índice de 

riesgo de recurrencia basado en PAM50 (ROR) es un predictor con validez clínica para 

predecir el riesgo de recurrencia en estas pacientes. Otro ensayo clínico con 2,137 pa- 

cientes mostró que el índice ROR es capaz de predecir el riesgo de recurrencia tardía 

(de 5 a 10 años después del diagnóstico) a distancia más eficientemente los marcadores 

clínicos convencionales (estado de los ganglios, tamaño del tumor, grado, edad y trata- 

miento) en todos los subgrupos de CaMa (Sestak, Ivana, et al., 2015). Por lo tanto, la 

clasificación por PAM50 y el índice ROR pueden usarse para separar a los pacientes en 

10 



grupos de riesgo que beneficiarse potencialmente de una terapia anti-hormonal a corto 

plazo o prolongada más allá de los 5 años de tratamiento. 

Por su parte, Oncotype DX® Recurrence Score® consiste en una prueba de 21 genes 

que predice la probabilidad de beneficiarse de la quimioterapia y el riesgo de recurrencia 

distante a 10 años que ayuda a guiar las decisiones de tratamiento adyuvante en pacien- 

tes con CaMa previamente tratadas con terapia anti-hormonal en etapas tempranas (Al- 

banell, J., et al., 2012). 

Por lo tanto, el uso de marcadores moleculares, en combinación con los marcadores 

tradicionales, reduce significativamente los costos económicos de tratamiento. Esto se 

logra al estratificar adecuadamente a las pacientes que realmente responderán a deter- 

minados fármacos. Así, se evita el sobretratamiento de las pacientes, lo cual evita mor- 

bilidades y gastos innecesarios (Steuten et al., 2019). Adicionalmente, el uso de marca- 

dores moleculares de pronóstico permite identificar a las pacientes que tendrán un curso 

clínico más agresivo, por lo que auxilia al médico tratante para tomar decisiones sobre 

tratamientos más agresivos en esas pacientes. En México, un estudio mostró que el uso 

de Oncotype DX® Recurrence Score®, cambió el 32% de las decisiones de tratamiento 

que habían sido tomadas previamente (Bargallo et al., 2015), previniendo el sobretrata- 

miento y los perjuicios asociados a este. 

A pesar de los beneficios que generan, los paneles de marcadores presentan todavía 

algunas desventajas. Una de ellas es el alto costo y el moderado beneficio −ambos me- 

didos en términos de calidad de vida y años de sobrevida− que reportan (Steuten et al., 

2019). En este sentido, las pruebas con marcadores individuales (un solo gen) han mos- 

trado ser menos específicas, pero con menores costos asociados (Bargallo et al., 2015). 

Por lo tanto, se hace necesario identificar marcadores individuales efectivos de pronós- 

tico clínico y predictivos de respuesta a tratamiento, más accesibles en costo a la mayoría 

de las pacientes. Adicionalmente, es importante que estos marcadores funcionen en dis- 

tintos modelos tumorales, para así captar al mayor número de pacientes posible. 
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  de  

(Russnes  et  al.,  2017)  con BioRender  (BioRender.com).

Figura 4. Diagnóstico integral de las pacientes con CaMa.  En la actualidad, el diagnóstico se

enfoca  no  solamente  a  las  características  clínicas (etapa clínica, edad estudios de imagen)  e  histopatológicas

(grado, tipo  histológico)  de  la  paciente,  sino  también  a  la  clasificación  molecular  basada  en  el  PAM50.  La

expresión de receptores se utiliza para clasificar y dar tratamiento adecuado a las pacientes.  Herramientas

moleculares  auxiliares en el pronóstico clínco son ONCOTYPE DX y MAMMAPRINT. Modificado
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1.4.     El transcriptoma y los RNAs largos no codificantes

La caracterización del CaMa a nivel de transcripción génica refleja aspectos importantes 

de la biología de estos tumores y ha tenido un efecto importante en la práctica clínica.

Sin embargo, estos clasificadores se basan en el perfil de expresión de RNAs mensaje-

ros.  Éstos  constituyen  solamente  el  36.7%  del  transcriptoma  humano;  el  resto  está  cons-

tituido por RNAs no codificantes (ncRNAs), los cuales tienen importantes funciones re-

gulatorias  (Derrien  et  al.,  2012).

Los  ncRNAs  se  clasifican  con  base  en  su  longitud.  Los  de  tamaño  menor  a  200  nucleóti-

dos  se  denominan  ncRNAs  pequeños.  En  este  grupo  encontramos  a  los  microRNAs

(miRNAs),  RNAs  pequeños  nucleares  (snRNAs),  RNAs  pequeños  nucleolares  (snoR-

NAs),  RNAs  asociados  a  Piwi  (piRNAs)  y  RNAs  pequeños  derivados  de  tRNAs  (tsRNAs)

(Watson, Belli and Di Pietro, 2019). Por convención, los RNAs no codificantes cuya lon-

gitud  excede  los  200  nucleótidos,  pertenecen  a  la  categoría  de  RNAs  largos  no  codifican-

tes (lncRNAs). Los lncRNAs poseen una serie de características que los diferencian de

los  mRNAs:  en  general,  los  genes  que  transcriben  lncRNAs  presentan  menos  exones

(pero de mayor longitud) que los mRNAs, sus promotores muestran marcas de histonas

distintas,  algunas  clases  son  menos  conservadas  evolutivamente,  su  expresión  es  tejido-

específica y su localización celular es variada (Derrien  et al.,  2012).  Los lncRNAs 

com-

parten algunos rasgos con los mRNAs,  como que son mayoritariamente transcritos por

la RNA polimerasa II (RNA pol II), sus transcritos son procesados para la adición de ca-

peruza  de  7-metil-guanosina  (m7G)  y  en  ambos  grupos,  la  mayoría  presentan  cola  de

Poli  adeninas  (PolyA) (Derrien  et  al.,  2012; Derrien,  Guigó  and  Johnson,  2012).



 
 

 

 

 

 

 

 

               

 

                

     

 
 

 

 

 

 

 

  

           

  
                

  

  
   
              
  
                

     

Figura 5. Clasificación de los lncRNAs con base en su posición genómica.  A)  Los

lncRNAs  sentido  son  transcritos  que  se  ubican  dentro  de  la  misma  cadena  que  el  gen  codificante  para

proteína y se pueden sobreponer a uno o más exones de este.  B)  Los transcritos de los lncRNAs antisen-

tido se localizan en la cadena complementaria al gen codificante para proteína, y complementan parcial o

totalmente dicha secuencia.  C)  Los lncRNAs intrónicos se generan a partir de los intrones de los genes

codificantes.  D)  Los  lncRNAs bidireccionales comparten la misma región promotora con los genes codifi-

cantes  para  proteínas,  pero  se  transcriben  en  la  dirección  opuesta.  E)  Los  lncRNAs  intergénicos  (lincRNAs)

se localizan entre los genes codificantes para proteínas y se transcriben de forma independiente.  F)  Los

lncRNAs  enhancers  o  potenciadores  (eRNAs)  se  producen  a  partir  de  las  regiones  enhancers  de  los  genes 

codificantes  para  proteínas. Creado  en  BioRender  (BioRender.com).

14 



 

   

 

            

 

 

    

 

        

 

 
      

 
 

 

 

 

 

 

 

  

 
               

 

 

            

 

 

  

      

               

     

 

           

 

 

 

La diferencia principal entre los lncRNAs y los mRNAs es que los primeros no muestran 

potencial codificante para proteínas completas y funcionales (Housman y Ulitsky, 2016),

aunque pueden presentar marcos de lectura abiertos cortos(Niazi y Valadkhan, 2012). 

Adicionalmente, hay algunos reportes de péptidos pequeños codificados por lncRNAs,que, 

aunque son traducidos, no dan lugar a proteínas completas (Andrews y Rothnagel,2014; 

Nelsonet al., 2016). Otra de las diferencias entre los mRNAs y los lncRNAs es su 

localizacióncelular.MientrasquelosmRNAs se restringen principalmente al citoplasma 

celular, los lncRNAs se encuentran en el núcleo, el citoplasma y en algunos casos en la 

mitocondria  (Chen,  2016).

Se han  estudiado los mecanismos y funciones celulares de los lncRNAs. Entre las fun-

ciones  que  se  han  caracterizado  se  encuentran procesos  de  regulación a  todos  los  nive-

les:  remodelación  de  la  cromatina  y  marcaje  de  histonas,  de  actividad  transcripcional,

maduración, transporte y decaimiento de RNAs, señalización, regulación post-traduccio-

nal  y síntesis  de  proteínas.

En la siguiente sección se describirán las funciones moleculares principales de los lncR-

NAs  tanto  a  nivel  de  núcleo  como  de  citoplasma.
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1.4.1.  Funciones  generales  de los  lncRNAs  en  núcleo

Las funciones de los lncRNAs en el compartimento nuclear se realizan mediante las in-

teracciones con la cromatina. Estas interacciones pueden clasificarse en dos tipos: (1)

interacciones lncRNA-cromatina que regulan la expresión génica mediante modificacio-

nes de histonas o del DNA sin afectar la estructura tridimensional de la cromatina y (2)

lncRNAs que tienen como blanco elementos regulatorios y modulan la expresión génica 

iniciando o manteniendo horquillas de cromatina entre potenciadores (enhancers  en in-

glés)  y  promotores  en  un  espacio  tridimensional  (Jarroux,  Morillon  y  Pinskaya,  2017).

En el primer grupo se encuentran algunos lnRNAs prototípicos y bien estudiados, como 

HOX  Antisense  Intergenic  RNA  (HOTAIR),  HOXA  Distal  Transcript  Antisense  RNA  (HOT-

TIP),  Imprinted  Maternally  Expressed  Transcript  (H19)  y  Metastasis  Associated  Lung 

Adenocarcinoma  Transcript  1  (MALAT-1).  Estos  cuatro  lncRNAs  regulan  la  expresión  gé-

nica  mediante  la  modificación  de  histonas  y  de  la  arquitectura  de  la  cromatina.  En  el 

segundo conjunto de lncRNAs, se encuentran X-inactive  specific transcript (XIST), y Nu-

clear  Enriched  Abundant  Transcript  1  (NEAT1),  que  cambian  la  estructura  tridimensional 

de  la  cromatina  para  regular la expresión  a  nivel regional.

HOTAIR  es  un  lncRNA  cuyo  gen  se  localiza  en  la  cadena  antisentido  del  locus  12q13.13,

entre los genes  HOXC11 y HOXC12  (Rinn  et al., 2007). La región 5´de HOTAIR interac-

túa directamente con el complejo Polycomb 2 (PRC2), en un mecanismo que silencia la

expresión  de  los  genes  blanco  de  dicho  complejo  por  medio  de  la  trimetilación  de  histonas 

(particularmente, de la marca H3K27me3). Por otro lado, en la región 3´ HOTAIR inter-

acciona  con  LSD1  (Desmetilasa  de  histonas  específica  de  lisinas)  y  el  complejo 

REST/CoREST  (Factor  de  represión  transcripcional  RE-1),  lo  cual  favorece  la  desmetila-

ción  de  la  histona  3  (marcas  H3K4me2,  H3K27me3)  silenciando  la  actividad  transcripcio-

nal  en  los  genes  blanco  (Tsai  et  al.,  2010).  Por  lo  tanto,  a  nivel  de  núcleo,  HOTAIR  actúa



como un andamio molecular de complejos reguladores de la expresión génica, como 

PRC2 y LSD1/ REST/CoREST. 

El lncRNA HOTTIP (HOXA transcript at the distal tip) es un transcrito que presenta dife- 

rentes mecanismos de acción. En el mecanismo más clásico, HOTTIP se acerca a sus 

blancos transcripcionales por medio de la formación de bucles de cromatina, se une di- 

rectamente a la proteína WDR5 y posteriormente recluta al complejo MLL en el locus 

HOXA. Finalmente, promueve la metilación de histonas (marca H3K4) de los genes 

HOXA (Wang et al., 2011). 

H19 es un lncRNA que presenta funciones tanto a nivel de núcleo como de citoplasma. 

En el núcleo, un ejemplo de mecanismo constituye el reclutamiento de EZH2, que, a su 

vez, promueve el silenciamiento de los genes pro-apoptóticos B IK (BCL-2 interacting 

killer) y NOXA (phorbol-12-myristate-13-acetate-induced protein 1) (Si et al., 2016a). 

MALAT-1 (Metastasis Associated Lung Adenocarcinoma Transcript 1) es un lncRNA que 

fue originalmente relacionado con la regulación del corte y empalme (splicing) al-ternativo 

al interactuar directamente con factores de splicing y modular su distribución a las espí- 

culas nucleares. MALAT-1 regula el del corte y empalme alternativo de algunos pre- 

mRNAs al controlar los niveles funcionales (fosforilados) de los factores de splicing (Tri- 

pathi et al., 2010). Adicionalmente, MALAT-1 coordina la relocalización de genes de los 

sitios silenciados por PRC2 a sitios transcripcionalmente activos, respondiendo a la adi- 

ción de suero. Estos mecanismos son mediados por MALAT-1, al unirse directamente 

con EZH2 y SUZ12 y, por lo tanto, regula la expresión de los genes blanco de PRC2 

(Yang et al., 2011; Wang et al., 2015). 

XIST fue uno de los primeros lncRNAs en ser descritos (Borsani et al., 1991; Brown et 

al., 1991) y es el principal factor que genera el mecanismo de compensación de dosis del 

cromosoma X. XIST coordina la inactivación de uno de los cromosomas X al azar y ex- 

pande esa inactivación a lo largo de todo el cromosoma (Chaumeil et al., 2006; No-zawa 

et al., 2013). XIST recluta complejos remodeladores de la cromatina, metiltransfe-rasas 

de DNA, proteínas asociadas a RNA (Chu et al., 2015) y represores transcripcio-nales al 

cromosoma X que será inactivado (Engreitz et al., 2013; Simon et al., 2013). Durante este 

proceso, XIST produce un reacomodo tridimensional del cromosoma X, compactándolo 
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a  gran  escala  (Chaumeil  et  al.,  2006;  Nozawa  et al., 2013; McHugh et al., 2015) y 

anclándolo completamente a la lámina nu-  clear (Chen  et al., 2016). Por último, XIST 

regula el mantenimiento y la estabilidad del  silenciamiento  en  el  cromosoma  X,

estableciendo  un  compartimiento  de  silenciamiento  tridimensional  (Nora  et  al.,  2012).

NEAT1  es un transcrito que pertenece al grupo de los RNAs de arquitectura celular (ar-

chRNAs).  NEAT1 es  fundamental  y  necesario  para  el  ensamblaje  y  estructura  de las  pa-

raspeckles nucleares (Clemson et al., 2009), que son estructuras sub-nucleares que se

encuentran  en  el  espacio  inter-cromatínico  de  las  células  de  mamíferos.

 Las  paras-peckles  están  conformadas  por  la  interacción  entre  NEAT1  y  diversos

complejos  proteicos,  que  pertenecen  a  la  familia  de  DBHS  (Drosophila  Behavior  Human

Splicing,  por  sus  siglas  y  nombre  en  inglés):  P54NRB/NONO,  PSPC1  y  PSF/SFPQ

(Fox  and  La-mond,2010). NEAT-1 secuestra a P54NRB/NONO, PSPC1 y PSF/SFPQ

a través de la unión directa  en  tres  dominios  del  RNA  (Murthy  and  Rangarajan,  2010).  A

su  vez,  las  proteínas  PSPC1  y  P54NRB/NONO  regulan  la  edición  Adenosina-Inosina

(A-I)  de  mRNAs  en  el núcleo  (Zhang  and  Carmichael,  2001).

La  edición  A-I  es  una  marca  de  retención  nuclear,  mientras  que  la  ausencia  de  esta

edi-ción  provoca  la  exportación  al  citoplasma.  De  esta  manera,  NEAT-1  regula  la

expresión  de  mRNAs  editados.  Por  otro  lado,  se  ha  mostrado  que  P54NRB/NONO,

PSPC1 y PSF/SFPQ actúan como factores transcripcionales en diferentes blancos a lo

largo  del  genoma.  Al  secuestrarlos,  NEAT-1  también  modula  indirectamente  la

expresión de di-chosgenes(Hiroseetal.,2014).
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Figura  6.  Funciones  principales  de  los  lncRNAs  con  localización  nuclear.
A) Los  lncRNAs  se  unena  factores  de  transcripción  para  activar  o  reprimir  la  expresión  génica.  

B)  Los  lncRNAs  interactúan con  enzimas  modificadoras  de  histonas  para  activar  o  reprimir  la  transcripción  

génica.

C) Muchos  lncRNAs  regulan  la  transcripción  actuando como andamios  moleculares  para  favorecer  las  interacciones 

proteína-proteína  de  los  complejos  remodeladores  de  cromatina.

D)Los lncRNAs  interaccionan  con  factores  de  splicing  para  regular  el  procesamiento  alternativo  de  los  mRNAs.E)Los 

trans-critos  de  enhancers  pueden  generar  lncRNAs  enhancers (eRNAs) o lncRNAs asociados a enhancers;  los 

  primeros  pueden captar factores de transcripción en el  enhancer,mientras  que  los  segundos  regulan  la  

transcripción  en  cis  y  en  trans.  Creado  en  BioRender  (BioRender.com).
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1.4.2. lncRNAs en el citoplasma: funciones múltiples 
 

Los lncRNAs pueden ejercer funciones a nivel de citoplasma;inclusive hay algunos ejem- 

plos de lncRNAs nucleares que se exportan al citoplasma para ejercer diferentes activi- 

dades. Algunos de estos transcritos se describirán en la siguiente sección. 

Como ya se mencionó anteriormente, HOTAIR es un lncRNA que participa en la regu- 

lación de la expresión de cientos de genes en el núcleo, sin embargo, también actúa a 

nivel postranscripcional en el citoplasma celular. Se ha probado que induce la proteólisis 

de Ataxina 1 y Snurportina 1 mediada por marcas de ubiquitina, al interaccionar con 

Dzip3, and Mex3b (Ubiquitinas ligasa E3) (Yoon et al., 2013). Adicionalmente, se ha re- 

portado que HOTAIR interactúa con MDM2, incrementando así la estabilidad del receptor 

de Andrógenos (AR), al prevenir su degradación (Zhang et al., 2015). 

Por otro lado, se ha demostrado que MALAT-1 se exporta al citoplasma y actúa como 

una esponja de miRNAs, como miR-125b (Han et al., 2013) y miR-101b en diferentes 

contextos celulares. 

En el citoplasma, H19 presenta diferentes mecanismos de acción. Se ha mostrado que 

actúa como esponja para el microRNA let-7 (Kallen et al., 2013) y de miR-675, que si- 

lencia al supresor tumoral PTEN. Además, H19 funciona como precursor de miRNAs (Cai 

y Cullen, 2007) como miR-675-5p y miR-675-3p, que, a su vez, tienen activida-des regu- 

latorias relevantes (Vennin et al., 2015). 

El lincRNA-p21es otro ejemplo de un transcrito que presenta funciones regulatorias a 

nivel de núcleo como de citoplasma. A nivel nuclear regula la transcripción global de 

genes blanco de PRC2 (Dimitrova et al., 2014). En citoplasma, el lincRNA-p21 actúa 

como inhibidor de la traducción. En este mecanismo, el lincRNA-p21 se acumula en el 

citoplasma y se forman híbridos parciales a través de múltiples regiones de complemen- 

tariedad con los mRNAs blanco, como CTNNB1 (que codifica a la proteína β-catenina) y 

JUNB (que codifica el factor de transcripción JUNB). Las regiones de separación parcial 

de bases en los segmentos del dúplex mRNA-lncRNA provocan el reclutamiento de los 

supresores traslacionales DDX6 (DEAD-Box Helicase 6) y FMRP (FMRP Translational 

Regulator 1), disminuyendo la tasa de traducción de CTNNB1 y JUNB (Chu y Rana, 2006; 

Yoon et al., 2012). 
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El lncRNA Growth Arrest Specific 5 (GAS5) es un transcrito citoplasmático que presenta

una  doble  función  en  el  citoplasma.  En  primer  lugar,  funciona  como  señuelo del  receptor

de  glucocorticoides  (GR).  GAS5  contiene  elementos  de  respuesta  a  glucocorticoides

(GRE), lo cual promueve el secuestro de GR mediado por GAS5 en el citoplasma. Este

mecanismo  impide  la  movilización  de  GR  al  núcleo  y  suprime  el  programa  transcripcional

mediado por GR (Mourtada-Maarabouni et al., 2009). Por otro lado, GAS5 inhibe la tra-

ducción de la proteína MYC (c-Myc) sin afectar sus niveles de mRNA ni a la estabilidad

de  la  proteína.  GAS5  es  reclutado  en  el  complejo  de  iniciación  de  la  traducción  por  medio 

de  la  unión  directa  al  factor  eIF4E.  Se  observó  que  c-Myc  y  GAS5  interactúan  de  manera

Figura 7. Mecanismos moleculares de los lncRNAs en el citoplasma. 

A)  Los  lncRNAs  actúan  como  esponjas  de  miR-NAs,  secuestrando  estas  moléculas  lejos  de  sus

mRNAs  blanco,  y  favoreciendo  la  regulación  de  la  expresión  de  los  genes.  B)  Los  lncRNAs  pueden

ser  precursores  de  miRNAs  y  siRNAs.  C)  Mediante  la  unión  a  proteínas,  los  lncR-  NAs  están

implicados  en  la  degradación  de  los  mRNAs.  D)Los  lncRNAs  se  unen  directamente  al  mRNA  y  regulan  su

estabilidad.  E)  Los  lncRNAs  se  unen  al  complejo  de  iniciación  de  la  traducción  eucariota  eIF para

regular  la  traducción  del  mRNA.  F)  Los  lncRNAs  interactúan  con  las  proteínas  y  controlan  su

fosforilación, acetilación y ubiquitinación,  a  nivel  post-  traduccional.  Creado  en  BioRender  (BioRender.com).
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directa  en  la  fracción  no  polisómica,  lo  cual  sugiere  que GAS5  disminuye la  eficiencia  de

la  iniciación  de la  traducción  del  mRNA c-Myc  (Hu, Lou  y  Gupta,  2014).

El  lncRNA  citoplasmático  half  STAU1-binding  site  RNAs  (1/2-sbsRNA)  participa  en  el  me-

canismo  de  decaimiento  de  mRNAs  mediado  por  Staufen1  (STAU1).  Este  mecanismo  se

genera a partir del apareamiento de bases entre un elemento Alu presente en la región

3′  no  traducida  (UTR)  y  una  secuencia  Aluparcialmente  complementaria  en  el  1/2-

sbsRNA. Como resultado, se forma un RNA de doble cadena, que a su vez recluta a la

proteína  de  unión  a  RNA  STAU1.  Dicha  proteína  promueve  la  degradación  de  los  mRNA

blanco  a  través  del  mecanismo  de  decaimiento  de  mRNAs  mediado  por  STAU1,  que

adicionalmente  implica a  la  RNA  helicasa  UPF1 (Gong  y Maquat,  2011).

El  lncRNA  Hepatocellular  Carcinoma  Up-Regulated  Long  Non-Coding  RNA  (HULC)  actúa

como  un RNA  señuelo  o  esponja  para  el  miR-372 y,  por  tanto,  potencia la  traducción  del

mRNA  Protein  Kinase  CAMP-Activated  Catalytic  Subunit  Beta  (PRKACB)  el  cual  a  su  vez

es  blanco  de  inhibición  por  miR-372  (Wang  et  al.,  2010).

En  los  últimos  años  se  han  caracterizado  una  serie  de  funciones  novedosas  para  los

lncRNAs citoplásmicos. Un ejemplo de estos mecanismos es Long Intergenic Non-Pro-

tein  Coding  RNA  1139  (LINK-A),  que  está  involucrado  en  la  transducción  de  señales  des-

encadenada  por  el  factor  de  crecimiento  epitelial  ligado  a  la  heparina  (HB-  EGF).  LINK-A

recluta a la cinasa BRK y al dímero receptor de EGF-  glicoproteína de membrana NMB

(EGFR-GPNMB),  promoviendo  la  activación  de  BRK.  LINK-A  también  interactúa  con  la 

cinasa  Leucine  Rich  Repeat  Kinase  2  (LRRK2),  generando  a  su  vez  el  cambio  conforma-

cional,  la  fosforilación  y  finalmente  la  activación  de  BRK.  Esta  señalización  genera  la

estabilización  del  factor  inducido  por  hipoxia  1α  (HIF1α)  (Lin  et  al.,  2016).

Adicionalmente,otro estudio demostró que LINK-A promueve la interacción de fosfatidil 

inositol trifosfato (PIP3)  con  la  cinasa  AKT  y  por  lo  tanto,  la  activación  de  esta  proteína  

(Lin  et  al.,  2016).

1.5  Los  lncRNAs  y  su  asociación  con  el  cáncer  de  mama

Algunos  estudios  han  sugerido  que  los  lncRNAs  están  involucrados  en  la  carcinogénesis

de  distintos  tumores.  Además  de  que  ciertos  lncRNAs  se  encuentran  aberrantemente

expresados,  también  se  ha  mostrado  que  pueden  funcionar  como  oncogenes  o  genes



supresores de tumores (Yan et al., 2015). En algunos casos, un mismo lncRNA puede 

comportarse como oncogén y supresor de tumor, dependiendo del contexto celular 

(Aprile et al., 2020). 

En el CaMa se han caracterizado alteraciones en la expresión y función de algunos lncR- 

NAs. Estas alteraciones se encuentran relacionadas con el desarrollo, agresividad y pro- 

nóstico clínico en pacientes con CaMa. 

Los lncRNAs regulan procesos celulares asociados a la carcinogénesis como el ciclo 

celular, la diferenciación y la invasividad, por lo que el estudio de la sobreexpresión de 

lncRNAs ha cobrado un papel relevante en la actualidad. En este sentido, se realizó un 

estudio que analizó los niveles de expresión de lncRNAs cuya transcripción se altera en 

distintos tumores humanos. En dicho estudio los autores mostraron que existen 1,151 

lncRNAs cuya expresión se altera en CaMa, comparado con tejido normal (Yan et al., 

2015). Adicionalmente, otros estudios han mostrado la relevancia clínica de las alteracio- 

nes en la expresión de algunos lncRNAs, mismos que se describirán en la siguiente sec- 

ción. 

Otra fuente reportó una firma de expresión basada en la expresión de 12 lncRNAs, la 

cual puede clasificar a las pacientes en grupos de alto o de bajo riesgo de muerte y 

recurrencia, así como predecir la OS de pacientes con CaMa. También se ha demostrado 

que la sobreexpresión de 4 lncRNAs está asociada con una pobre OS, y que la sobreex- 

presión de 9 lncRNAs está asociada a un riesgo mayor de recurrencia (Zhou et al., 2016). 

Otros lncRNAs cuyas alteraciones en la expresión se han asociado significativamente 

con el pronóstico clínico de las pacientes con CaMa son los siguientes: 

LINC00978, cuya sobreexpresión se relaciona con una pobre OS comparada con las 

pacientes que presentan subexpresión del mismo y que además es un marcador inde- 

pendiente de los parámetros clínicos tradicionales (Deng et al., 2016) y. FGF14-AS2, 

cuya subexpresión predice una menor OS y aumenta el riesgo de progresión (Yang, Liu, 

et al., 2016). 
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1.5.1   DSCAM-AS1

DSCAM-AS1 es un lncRNA propuesto como un marcador de diagnóstico y resistencia a

tratamiento  anti-hormonal  en  CaMa  (Tarighi  et  al.,  2021).  DSCAM-AS1  fue  descrito  como 

un  lncRNA  regulado  transcripcionalmente  por  REα  en  CaMa.  Está  involucrado  en  la  pro-

gresión tumoral y en la resistencia a tamoxifén (Niknafs  et al., 2016). Se ha 

demostrado que DSCAM-  AS1 actúa como esponja de miR-137 y regula el Epidermal 

Growth Factor Receptor  Pathway  Substrate  8  (EPS8),  lo  cual  a  su  vez  promueve  la  

proliferación  celular e inhibe la apoptosis en CaMa resistente a tamoxifén (Ma  et al., 

2019).  Mediante el re-

clutamiento  de  miR-204-5p  y  el  aumento  de  la  expresión  de  RRM2  (Liang  et  al.,  2019)  se 

ha demostrado que DSCAM-AS1 promueve la regulación  positiva de sus propios modu-

ladores−ERα  y  FOXA1,  y  se  activa  transcripcionalmente  por  super  potenciadores  (super-

enhancers)  regulados  por  FOXA1;  además,  promueve  la  progresión  del  CaMa  al  interac-

tuar  con  YBX1  y  regular  a  su vez la  expresión  de  FOXA1  y  REα  (Zhang  et  al.,  2020).

      1.5.2.  H19

H19  es  precursor  de  diversos  miRNAs.  En  células  de  CaMa  T47D  y  MCF7H19  genera  al 

miR-675-5p y al miR-675-3p, y contribuye al desarrollo de esta enfermedad. (Cordero  et

al., 2015; Zhai  et al., 2015). La expresión ectópica de H19/miR-675 incrementa la agre-

sividad de las células de CaMa.  Esta expresión anormal aumenta la proliferación la mi-

gración,  el  crecimiento  tumoral  y  la  metástasis  en  este  modelo  (Matouk  et  al.,  2014;  Ven-

nin  et  al.,  2015;  Wang  et  al.,  2017).  Adicionalmente,  H19  funciona  como  esponja  de  varios 

miRNAs,  como  miR-  200b/c  y  let-7b  y  regula  la  expresión  de  los  genes  blanco  correspon-

dientes,  como  GIT2  y  CYTH3.  Esto a su vez,  promueve la migración de las células de

CaMa a través de la transición epitelio-mesénquima (EMT) y la diseminación de las cé-

lulas de CaMa (Zhou  et al., 2015). Por otro lado, la  sobreexpresión de H19 influye en la

regulación mediada por let-7b de ciertos genes promotores de la metástasis, incluyendo

el  oncogén  c-Myc  (Yan  et  al.,  2015).



 

 

 

 

 

 

   

 
 

  
 

 

 

             

 

 

 

              

               

 

             

 

 

 

 

               

     

 
 
 
 

      
     

 

  

            

  

              

              

 

            

      

 

           

 

              

    

 

controversiaensigueCaMaMALAT1 enlncRNAdelpapelEl  (Chen, Zhu  y

Jin, 2020).  Algunos   estudios   han   sugerido   su   papel   como   inductor  de

metástasis(Li  etal.,2018),  (Fengprogresiónlade  al.et ,  2016),  agresividadla

(Bamodu  et  al.,  2016),  y  promotor  de   la   migración   celular   en   CaMa   (Chou  et   al.,

2016),  entre otros.  Sin   embargo,otros  estudios  han  mostrado   que   MALAT-1   inhibe

la   metástasis  al   demostrar   que   este  transcrito  se  une  a  TEA  domain  transcription

factor  1  (TEAD)  transcripcióndefactor−un  pro-metastásico  y   lo   desactiva

suprimiendo   en  consecuencia  la  metástasis  del  CaMa  (Kim  et  al.,  2018).
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1.5.3.  MALAT1

    1.5.4.  HOTAIR

HOTAIR es uno de los primeros lncRNAs, cuya expresión aberrante fue asociada con la

progresión y metástasis del CaMa (Gupta  et al.,  2010;  Sørensen  et al.,  2013). 

HOTAIR  interactúa  con  algunos  actores  de  las  principales  vías  moleculares  implicadas  en

el  desarrollo de CaMa,como las vías de los receptores hormonales ER y PR. El estradiol

regula  la expresión de HOTAIR en células ER+ de CaMa por medio de diversos 

elementos de  respuesta a  estrógenos (EREs) en su promotor (Bhan  et al., 2013), 

además es  regulado  por  agonistas  de  ER  (Bhan  et  al.,  2014)  se  ha  mostrado  que 

HOTAIR,  junto  con  BRCA1, se  une  a  la  subunidad  de  EZH2  de  PRC2,  coordinando  la 

regulación  epigenética  del  cromosoma (Wang  et al., 2013). Por otra parte, se tiene que 

la combinación de la sobreexpresión  de  HOTAIR  y  el  estado  de  metilación  genómico 

representa  un  importante  predictor de mal pronóstico clínico (Lu  et al.,  2012;  Peng  et 

al.,  2017).

La sobreexpresión de  HOTAIR está involucrada en la respuesta a radioterapia (Zhou  et 

al., 2017; Xuguang  Hu  et  al.,  2019),  quimioterapia  (Lu  et al.,  2018;  Tang  et  al.,  2019),

terapia anti-hormonal y  trastuzumab (  Chen  et al.,  2019).  Dada la importancia biológica 

que tiene,  se ha pro-puesto  a  HOTAIR  como  un  potencial  blanco  terapéutico

en  pacientes  con  CaMa  (Li  et  al.,2019;  Ren  et  al.,  2019).



 

 

               

          

      

 
 

 
     

 
 

 

 

 

      

 

             

                  

 

 

 

                

  

 

             

 

 

 

            

 

 

 

           

1.5.3.  Papel  de  FAM83H-AS1 en  cáncer

En  un  estudio,  se  mostró  que  FAM83H-AS1  se  encuentra  asociado  a  una  menor  OS,

particularmente en el subtipo luminal A, y es un  marcador pronóstico independiente en 

estos tumores (Yang  et al., 2016). El silenciamiento del lncRNA FAM83H-AS1 está aso-

ciado con una disminución en la proliferación celular, apoptosis, migración e invasión en 

células  de  cáncer de pulmón  (Zhang  et  al., 2017).

FAM83H-AS1  es  un  lncRNA  cuya  expresión  aberrante  desregula  vías  relacionadas  al

cáncer  como  proliferación  celular,  migración,  invasión  y  muerte  celular  en  células  de  cán-

cer  de  pulmón,  colorrectal  (S.  Lu  et  al.,  2018),  glioma  (Bi  et  al.,  2018),  vejiga  (Shan  et  al.,

2019), ovario (Dou  et al., 2019; Gong and Zou, 2019) y cérvix (Barr  et al., 2019). A nivel

molecular, un reporte mostró que la señalización por MET/EGFR se regula mediante la

acción de FAM83H-AS1 (Zhang  et al., 2017). Otro  estudio mostró que FAM83H-AS1 re-

gula  el  silenciamiento  de  CDKN1A  por  medio  de  la  unión  con  EZH2  en  células  de  glioma 

(Bi  et  al.,  2018).  FAM83H-AS1  se  encuentra  significativamente  sobre-  expresado  en

muestras de cáncer de ovario en comparación con tejido  normal. Una alta expresión del

FAM83H-AS1  se  asocia  con  una  menor  supervivencia  global  de  los  pacientes  con  cáncer 

de ovario así como a la radio resistencia en células de cáncer de ovario a través de la

estabilización de la proteína HuR (Dou  et al.,  2019). El silenciamiento de FAM83H-AS1

inhibe la proliferación y la invasión de las células de cáncer de ovario  in vitro  (Gong and

Zou,  2019).  FAM83H-AS1  se  encontró  sobreexpresado  en  líneas  celulares  de  cáncer  de 

cérvix  positivas  al  Virus  del  Papiloma  Humano  16  (VPH16).  Esta  expresión  es  depen-

diente de la oncoproteína viral E6, pero independiente de la regulación de p53 (Barr  et

al.,  2019).  En  este  mismo  estudio,  los  autores  describen  que  la  sobreexpresión  de

FAM83H-AS1  se  asocia  con  una  menor OS  en  pacientes  con  cáncer  de cérvix.

1.5. El RNA largo no codificante FAM83H-AS1

    1.5.2.  Aspectos generales y localización
El RNA FAM83H antisentido 1  (FAM83H-AS1) es un transcrito humano codificado por la

región 8q24.3 y que mide 2,737 pares de bases (pb). FAM83H-AS1 está constituido por

cuatro  exones  y  se  ha  demostrado  que  no  posee  potencial  codificante.  Según  la  base  de

datos  ENSEMBL,  el  gen  FAM83H-AS1  presenta  tres  variantes  transcripcionales  reporta-

das  hasta  la  fecha  (ver figura  8).
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Sorprendentemente, FAM83H-AS1 funciona como una esponja del miR-22-3p en mues- 

tras de pacientes con degeneración del disco intervertebral (Jiang and Chen, 2020). En 

otro estudio en cáncer gástrico, se identificaron altos niveles de FAM83H-AS1 en com- 

paración con los de tejidos normales. También se observó que la sobreexpresión de 

FAM83H-AS1 es un factor de riesgo relacionado con una menor OS y sobrevida libre de 

enfermedad (Da et al., 2019). Sin embargo, los autores no replicaron los resultados de 

su cohorte de pacientes con cohortes independientes. FAM83H-AS1 puede potenciar la 

carcinogénesis y se propone como un biomarcador de mal pronóstico para cáncer de 

colon y recto (Yang et al., 2019). 

Dos estudios afirman que FAM83H-AS1 se encuentra desregulado en muestras de CaMa 

(Yanget al., 2016; Deva Magendhra Rao et al., 2019). La sobreexpresión de FAM83H- 

AS1 indica un mal pronóstico clínico en pacientes con tumores de mama de tipo luminal 

A y con tumores poco avanzados. Estas evidencias, en su conjunto, sugieren que 

FAM83H-AS1 es un factor importante en la biología del cáncer, y del CaMa en particular. 

 

 
       

     
 

 

 

 

 

            

 

      
 

  

 

 

 

 

               

1.6.  El  RNA  largo  no  codificante  intergénico LINC00460

1.6.2.  Aspectos  generales  y  localización

El RNA  largo no codificante intergénico 460 (LINC00460)  se localiza en el cromosoma

13q33.2 y mide 913 pb (GenBank, 2021) (ver figura 8). El LINC00460 está constituido  por

tres exones y se ha demostrado que carece de capacidad codificante de proteínas  (Cao

et  al.,  2017;  Wen  et  al.,  2019).  Según  la  base  de  datos  ENSEMBL,  el  gen  humano

LINC00460  tiene  siete  variantes  transcripcionales  reportadas  hasta  la  fecha  (Yates  et  al.,

2020).

1.6.3.  Papel  de  LINC00460  en  cáncer

Se ha observado que LINC00460 funciona como oncogén,  actuando como esponja de

miRNAs (Lian  et al., 2019; Xiaodong Hu  et al., 2019; Xie  et al., 2019; Zhang  et al., 2019;

Zhu  et al., 2019; Cui  et al., 2020; Hong  et al., 2020; Wang  et al., 2020; Zou  et al., 2020).

En estos modelos está bien descrita la  actividad de esponja de LINC00460 y su asocia-

ción  con procesos  relacionados  con  el  cáncer,  como  el  aumento de  la  proliferación,  la

transición  EMT,  la  migración,  invasión  y  la  metástasis  (Lian  et  al.,  2018;  Wang  et  al.,
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2018; Jiang et al., 2019). Por ejemplo, LINC00460 promueve la progresión del carcinoma 

hepatocelular actuando como esponja de miR-342-3p y, por tanto, aumentando el nivel 

de expresión de AGR2 (Anterior Gradient 2, Protein Disulphide Isomerase Family Mem- 

ber) (Yang et al., 2020). Estudios en otros tumores, incluyendo cáncer colorectal, cáncer 

de cabeza y cuello, cáncer de tiroides, cáncer de pulmón, osteosarcoma, cáncer de pán- 

creas, cáncer de cabeza y cuello, cáncer de vejiga y cáncer de mama han descrito me- 

canismos similares, donde LINC00460 actúa como esponja de distintos miRNAS(Li y 

Kong, 2019a; Lian et al., 2019; Xiaodong Hu et al., 2019; Cui et al., 2020; Hong et al., 

2020; Wang et al., 2020; Zou et al., 2020). 

Se ha estudiado la asociación del LINC00460 con diversas características clínicas del 

cáncer. La sobreexpresión de LINC00460 está asociada con tasas menores de supervi- 

vencia global en diferentes tumores, como pulmón, ovario, laringe, nasofaringe, cabeza 

y cuello, meningioma, riñón, tiroides, colorrectal, glioma, osteosarcoma, vejiga y cérvix 

(Wang et al., 2016; Liang et al., 2017; Huang et al., 2018; Xing et al., 2018; Liu et al., 

2018; Feng et al., 2019; Li y Kong, 2019b; Nakano et al., 2019; Wen et al., 2019; Xu et 

al., 2019; Li, Zhu y Wang, 2020). Por lo tanto, LINC00460 es un lncRNA esponja bien 

definido con un potencial pronóstico significativo en varios tumores; sin embargo, su re- 

levancia clínica y biológica en CaMa es poco conocida (Zhu et al., 2019) y se requieren 

estudios exhaustivos. 
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FAM83H‑AS1 is a potential 
modulator of cancer driver 
genes across different tumors 
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Breast cancer (BRCA) is a serious public health problem, as it is the most frequent malignant 
tumor in women worldwide. BRCA is a molecularly heterogenic disease, particularly at gene 
expression (mRNAs) level. Recent evidence shows that coding RNAs represent only 34% of the total 
transcriptome in a human cell. The rest of the 66% of RNAs are non-coding, so we might be missing 
relevant biological, clinical or regulatory information. In this report, we identified nine novel tumor 
types from TCGA with FAM83H-AS1 deregulation. We used survival analysis to demonstrate that 
FAM83H-AS1 expression is a marker for poor survival in IHC-detected ER and PR positive BRCA 
patients and found a significant correlation between FAM83H-AS1 overexpression and tamoxifen 
resistance. Estrogen and Progesterone receptor expression levels interact with FAM83H-AS1 to 
potentiate its effect in OS prediction. FAM83H-AS1 silencing impairs two important breast cancer 
related pathways: cell migration and cell death. Among the most relevant potential FAM83H-AS1 
gene targets, we found p63 and claudin 1 (CLDN1) to be deregulated after FAM83H-AS1 knockdown. 
Using correlation analysis, we show that FAM83H-AS1 can regulate a plethora of cancer-related genes 
across multiple tumor types, including BRCA. This evidence suggests that FAM83H-AS1 is a master 
regulator in different cancer types, and BRCA in particular.

Breast cancer (BRCA) is a serious public health problem, as it is the most frequent malignant tumor in women 
worldwide. According to GLOBOCAN1, at least 1.67 million new cases and a total of 522,000 deaths are reported 
globally.

BRCA is a phenotypically heterogenic disease; with well-defined histological types and protein markers, 
such as Estrogen receptor (ER), Progesterone Receptor (PR) and membrane receptor HER-2. The physical and 
phenotypical BRCA heterogeneity is also reflected at the molecular, particularly at gene expression (mRNAs) 
level. This heterogeneity has been extensively studied, and evidence shows that breast cancer comprises four 
intrinsic groups: Luminal A, Luminal B, HER-2 enriched and Basal-like tumors2,3.

Molecular classification has been an important milestone in BRCA biology, as it has been used to differentiate 
aggressive and non-aggressive tumors, metastatic potential, clinical prognosis and survival, among other relevant 
cancer-related features4. Additionally, therapy response-associated expression profiles are now available. This 
expression profiles are able to predict if a patient can benefit from chemotherapy or anti-hormonal therapy5. 
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These useful clinical advances are focused on coding RNAs profiles only; however, recent evidence show that 
coding (messenger) RNAs represent only 34% of the total transcriptome in a human cell6. The rest of the 66% of 
RNAs are non-coding, so we might be missing relevant biological, clinical or regulatory information if we only 
focus on messenger RNA.

In this regard, recent papers have focused on the role of long non coding RNAs (lncRNAs) in cancer 
biology7–10 and in the role of specific lncRNAs in breast cancer.

FAM83H-AS1 is a lncRNA whose expression impairs important cancer-related pathways such as cell prolifera-
tion, migration, invasion and cell death in lung, colorectal, glial, bladder, ovarian and cervical cancer cells11–16. At 
the molecular level, one report showed that MET/EGFR signaling is regulated by FAM83H-AS1, and16 showed 
that FAM83H‐AS1 epigenetically silenced CDKN1A by binding to EZH2 in glioma cells.

In addition, two reports showed that FAM83H antisense RNA 1 (FAM83H-AS1) is deregulated BRCA sam-
ples. High expression of FAM83H-AS1 indicated an unfavorable prognosis in luminal type BRCA​12 and early-
stage BRCA​16. Altogether, this evidence shows that FAM83H-AS1 is an important actor in cancer biology. In this 
paper, we identified nine novel tumor types from TCGA with FAM83H-AS deregulation, and used a multivariate 
Cox regression analysis to demonstrate that FAM83H-AS1 expression is a marker for poor survival in Progester-
one receptor (PR) positive BRCA. We found a significant correlation between FAM83H-AS1 overexpression and 
tamoxifen resistance in luminal BRCA patients. Using Kaplan–Meier and Cox regression analysis, we found that 
estrogen and progesterone receptor expression levels interact with FAM83H-AS1 to potentiate its effect in OS 
prediction. Using FAM83H-AS1 short hairpin knockdown coupled with microarray analysis, we demonstrate 
that FAM83H-AS1 silencing impairs two important breast cancer related pathways: cell migration and cell death. 
We further validate this phenotypic effect with in vitro migration and caspase 3 assays. Among the most relevant 
potential FAM83H-AS1 gene targets, we found p63 and claudin 1 (CLDN1) to be deregulated after FAM83H-AS1 
knockdown. Using correlation analysis, we show that FAM83H-AS1 can regulate a plethora of cancer-related 
genes across multiple tumor types, including BRCA.

Results
FAM83H‑AS1 is deregulated in multiple tumor types.  Multiple studies have related FAM83H-AS1 
high expression levels with different tumors, including luminal breast cancer11–16. These findings suggest an 
important role for FAM83H-AS1 in cancer tumor biology. We therefore screened FAM83H-AS1 expression 
levels in the TCGA database, which comprises data from 33 different tumor types and the correspondent normal 
tissues. As expected, we found significant FAM83H-AS1 expression deregulation in 16 different tumor types 
(Fig. 1A) (Log2FC > 1; p < 0.01). Some of these FAM83H-AS1 expression deregulation data has been reported 
previously11,12,16, but we have also found significant deregulation of FAM83H-AS1 in nine additional tumor 
types (Fig. 1B) (Log2FC > 1; p < 0.01). Interestingly, FAM83H-AS1 was up-regulated in 15 different tumor types, 
but down-regulated in acute myeloid leukemia (LAML), suggesting a different mechanism for this particular 
malignancy (Fig. 1B).

FAM83H‑AS1 expression level is enriched in BRCA locally‑advanced tumors.  It was reported 
that FAM83H-AS1 expression is a prognostic marker for luminal breast cancers12. We were interested to see if 
FAM83H-AS1 expression was more widely associated with BRCA tumors, since we and others found alterations 
for this lncRNA in a large number of malignancies. As shown in Fig. 1B, FAM83H-AS1 is significantly up-reg-
ulated in all BRCA patients, not only in the luminal subtype BRCA. FAM83H-AS1 over-expression is also mar-
ginally associated with BRCA locally advanced (II and III) clinical stages (one-way ANOVA; p = 0.05) (Fig. 1C).

FAM83H‑AS1 is a prognostic marker for ER and PR positive BRCA and its expression is related 
with tamoxifen resistance.  Altogether, these widespread alterations in FAM83H-AS1 expression sug-
gested that its expression could be a prognostic biomarker for all BRCA subtypes: but as mentioned above, 
FAM83H-AS1 was previously reported to have particular prognostic association with the BRCA luminal 
subtype12,16. To test if FAM83H-AS1 is a widespread or a luminal specific prognostic marker in BRCA, we first 
screened FAM83H-AS1 expression as a prognostic marker for all BRCA tumors. We did not find significant 
association with poor OS in the Cox regression model (n = 743; 95% CI [0.442–1.15] Cox p value = 0.09); how-
ever, we observed a clear tendency in poor survival prognosis in the FAM83H-AS1 high expression group (see 
Fig. 2A). We further validated these results in an independent Mexican patient cohort (Fig. 2B) with all the 
BRCA subtypes. The general clinical features of this cohort are listed in Table 1. 

We then tested if this effect was due to FAM83H-AS1 interacting with other significant clinical and survival-
related variables, in particular, luminal type-related. FAM83H-AS1 predictive value was significant when interact-
ing with Immunohistochemistry (IHC)-detected Progesterone receptor (n = 743; HR = 1.55; 95% CI [1.005–2.376] 
Cox p value = 0.047) (supplementary Table 1). Marginal, but not significant, association was observed with 
ER status (supplementary Table 2). Kaplan–Meier analysis of PR (logrank; p = 0.014) or ER positive patients 
(logrank; p = 0.006) showed significant association poor OS when FAM83H-AS1 was over-expressed (Fig. 2C, 
D). No effect in survival rate was seen when FAM83H-AS1 was over-expressed in PR and ER negative patients 
(supplementary Figs. 1 and 2).

This data strongly suggest that FAM83H-AS1 is an independent prognostic marker for OS in PR positive 
BRCA subtype and confirms with further statistical analyses, previous findings made by12.

We found a significant association with IHC-detected PR and ER status in the survival context (Fig. 2 C, 
D; supplementary Table 1). We then analyzed tamoxifen treatment resistance or sensitivity in our independent 
cohort (Fig. 2E), and we found that FAM83H-AS1 overexpression was significantly related with poor tamoxifen 
initial response (n = 42; OR = 3.9; one-tailed F-exact test; p = 0.045).
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We did not find a significant prognosis association for 8 unreported tumors shown above in the Gene expres-
sion Profiling Interactive Analysis (GPIA) database (see methods). We could determine, however, a strong cor-
relation between high FAM83H-AS1 expression and poor OS in skin cutaneous melanoma (SKCM) patients 
(n = 461; HR = 1.6; log-rank test, p = 0.0003) (Supplementary Fig. 3).

ER and PR expression levels potentiate FAM83H‑AS1 prediction of survival in BRCA 
patients.  In order to further characterize our previous finding regarding ER and PR status, and its associa-
tion with FAM83H-AS1 in BRCA prognosis, we built a risk model taking into account ER, PR and FAM83H-
AS1 expression levels in the same analysis. This model fundamentally displays ER, PR and FAM83H-AS1 inter-
action and potentiation of the poor OS prediction in BRCA.

We first calculated the Allred score17 to identify IHC ER and PR level of positivity, ie.ER and PR expression 
levels from TCGA data. We then obtained FAM83H-AS1 expression levels from the TCGA cohort and divided 
it in four strata (quartiles). We then multiplied these two values (Allred score values and FAM83H-AS1 quartile 
values), and the product was a new risk score. We obtained four risk groups with the above described method, 
shown in Fig. 3. As shown here, combination of very high FAM83H-AS1 and ER/PR expression levels potentiates 

Figure 1.   FAM83H-AS1 expression is altered in multiple human tumors. (A) FAM83H-AS1 expression 
levels (TPM) in 33 tumors from the TCGA database. In green are shown normal tissue samples, in blue tumor 
samples. (B) FAM83H-AS1 is aberrantly expressed in nine not previously reported tumors. Color code as in A. 
(C) FAM83H-AS1 is enriched in locally advanced BRCA clinical stages (II and III).
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Figure 2.   FAM83H-AS1 over-expression is a marker for poor prognosis in ER/PR BRCA patients. (A) Overall 
survival analysis (Cox Regression) for the BRCA TCGA cohort. (B) Kaplan–Meier analysis for our independent 
BRCA cohort. (C) Kaplan–Meier analysis for PR and D, ER positive BRCA patients from the TCGA cohort. (E) 
FAM83H-AS1 expression is associated with tamoxifen resistance in BRCA patients.

Table 1.   Clinical-pathological characteristics of population (n = 42). In this Mexican cohort, none of these 
clinical variables were significantly correlated with FAM83H-AS1 expression level.

Characteristic Class Frequency Percent

Age
0–50 19 45.2

51–100 23 54.8

Tumor grade

I 3 7.1

II 26 61.9

III 9 21.4

SV 4 9.5

Clin. stage
0, IA, IIA, IIB 37 88.1

IIIA, IIIB, IIIC 5 11.9

ER
Positive 25 59.5

Negative 17 40.5

PR
Positive 23 54.8

Negative 19 45.2

HER2
Positive 13 31

Negative 29 69

Lymph Nodes

Positive 18 42.9

Negative 10 23.8

NA 14 33.3

Recurrence
Positive 7 16.7

Negative 35 83.3

Metastasis
Positive 7 16.7

Negative 35 83.3
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high risk of decease in the TCGA cohort (Kaplan–Meier model, one tailed logrank; p = 0.034). Cox hazard pro-
portional risks for decease in these four groups were: 0 for low risk, 25 for moderate risk, 39 for high and 57 for 
very high risk. This data confirms a strong interaction between ER, PR and FAM83H-AS1 expression levels in 
BRCA. Interaction between these three variables potentiates poor OS prediction in BRCA patients, and possibly 
other hormone-related human tumors.

FAM83H‑AS1 potentially regulates a plethora of cancer‑related genes.  In order to better under-
stand FAM83H-AS1 role in BRCA, we performed a differential expression analysis using the TCGA BRCA 
cohort. We compared high versus low FAM83H-AS1 RNA expression level samples (see methods). We found 
2,668 differentially expressed genes between these two groups (Log2FC > 1.5 and −  <1.5; p.adj-value < 0.01). The 
vast majority of these transcripts (98.6%; 2,631 RNAs) were found to be down-regulated in this analysis. These 
results might suggest candidate target genes for FAM83H-AS1 (Fig. 4A).

Among the down-regulated RNAs, we identified several cancer-related transcripts, such as: fibroblast growth 
factor 4 (FGF4); fibroblast growth factor 21 (FGF21); leptin (LEP), Claudin 17 (CLDN17); cadherin 9 (CDH9) 
Tumor Necrosis Factor receptor (TNFRSF11B); BCL2-associated X (BAX); Tumor protein p53 (TP53) and Phos-
phatase and tensin homolog (PTEN) (see Table 2).

After pathway enrichment analysis, we found a significant down-regulation of cellular migration, synthesis 
of steroids and lipid metabolism (Fig. 4B). Gene set enrichment analysis (GSEA) also showed alterations in 
apoptosis and p53-signalling pathways (Fig. 4C). Taken together, this evidence suggests an important regulatory 
role for FAM83H-AS1 in cancer-related pathways.

FAM83H‑AS1 is present both in nucleus and cytoplasm in ER/PR BRCA cells.  To further charac-
terize FAM83H-AS1 functional role in BRCA, we measured its expression in nine breast cancer cell lines, includ-
ing: MDA-MB-231, 468, 453, HCC1187, MCF7, SKBR3, BT20, Hs578, ZR75 and one non-transformed cell line, 
MCF10 (Fig. 5A). As expected, FAM83H-AS1 was up-regulated in transformed cell lines. We then performed 
cellular fractionation assays in MCF7 cells and detected its enrichment in the cytoplasmic fraction (67.3% of 
total input RNA) (Fig. 5B). LncATLAS screening further confirmed this observation, as MCF7 cells display both 
FAM83H-AS1 cytoplasmic and nuclear localization (Supplementary Fig. 4).

FAM83H‑AS1 knockdown deregulates 415 transcripts expression in MCF7 cells.  In order to 
gain further insight into the potential FAM83H-AS1 targets, we performed sh-mediated FAM83H-AS1 silenc-
ing experiments in MCF7 cells. As shown in Fig. 5C, we obtained 85% of silencing efficiency after 48 h of plas-
mid transfection. After knockdown, we performed microarray experiments in MCF7 cells. We identified 415 
differentially-expressed genes in the FAM83H-AS1-silenced cells (FC > 1.5 and −  <1.5; p value < 0.05) (Fig. 5D). 
Key cancer-related transcripts were identified, such as CLDN1, TP63, FGF14, DDX60 and DRAM (see Table 3). 
262 transcripts were found to be down-regulated whereas 153 were up-regulated (Fig. 5D; Table 3). Among the 
most up-regulated RNAs, we found TP63 and CLDN1. These genes can also be potential candidate target genes 
for FAM83H-AS1 activity.

FAM83H‑AS1 silencing impairs cellular migration and apoptosis.  Pathway enrichment analysis 
showed that the most activated cellular processes in the sh-FAM83H-AS1 condition are: migration and cellular 

Figure 3.   ER/PR expression potentiates FAM83H-AS1 death risk prediction. Expression levels from ER and 
PR were calculated using Allread scores. FAM83H-AS1 expression levels were calculated from the quartile 
distribution of the log2 values (TANRIC). We then multiplied Allread scores (17) and FAM83H-AS1 expression 
levels in order to define risk groups (see methods and main text).
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motility (29 altered molecules; p value range < 0.01) and cellular death pathways (49 molecules; p value range 
< 0.01) (Fig. 5E). These data are in accordance with our previous differential expression results in BRCA samples 
(Fig. 4), further supporting a master regulatory role for FAM83H-AS1 in breast cancer cells.

We then aimed to functionally validate that both cellular processes are altered after FAM83H-AS1 silencing. 
We thus performed Transwell migration assays and caspase 3 activity assays in MCF7 cells. As shown in Fig. 6A, 
MCF7 cells migration significantly increases after sh-FAM83H-AS1 transfection (one tailed T-test; p = 0.035). We 
then performed matrigel-invasion assays and observed an increase 24 h after transfection, but this observation 
did not reach statistical significance. (Supplementary Fig. 5). Furthermore, we did not find significantly altered 
invasion related genes or pathways in the microarray assays nor the differential expression analysis in the TCGA 
cohort, further suggesting that FAM83H-AS1 is not involved in invasion in this model.

Caspase 3 assays identified a significantly increase in enzymatic activity (T-test; p = 0.032) after 72 h of 
FAM83H-AS1 silencing, which corroborates its role in apoptosis mediated cell death. Caspase 3 is the primary 
activator of apoptotic DNA fragmentation18. Significant increase in caspase 3 activity in the sh-FAM83H-AS1 
condition suggests FAM83H-AS1 regulation of late stage apoptosis (Fig. 6B).

Migration and cell death alterations are enriched in the FAM83H‑AS1 low expression group 
in BRCA samples.  To further validate our previous in  vitro results, we performed single sample GSEA 
(ssGSEA) in a BRCA independent cohort (Gene Expression Omnibus dataset GSE115577) (see methods). In 
this approach, gene sets are ranked according to absolute expression values in every sample, rather than by a 
comparison with another sample. We first stratified the GSE115577 cohort onto two groups: samples with high 
levels of FAM83H-AS1 RNA, and samples with low FAM83H-AS1 levels, using the quartile approach described 
above. We then aimed to know if the gene sets corresponding to migration, apoptosis and other cell death 
processes, like necrosis, were significantly enriched in any of these two FAM83H-AS1 expression groups. As 
expected, we found a significant enrichment of the migration (Normalized Mutual Index [NMI] score = 0.16; 
AUC = 0.79; p value = 9.18e−15) and apoptosis (NMI score = 0.033; AUC = 0.61; p value = 0.001) processes in the 
FAM83H-AS1-low expression group (Fig. 6 B). Interestingly, we also found a strong enrichment of the necrosis 
pathway in this BRCA cohort (NMI score = 0.3; AUC = 0.83; p value = 1.3e−18).

FAM83H‑AS1 and its potential target genes are co‑deregulated across multiple tumor 
types.  We found that FAM83H-AS1 is up-regulated not only in BRCA, but also in other tumors (see Fig. 1). 
We reasoned that, if up-regulated, FAM83H-AS1 may be exerting similar regulatory roles in other tumors as 
well. In order to show this, we correlated FAM83H-AS1 expression levels with its potential target genes (BAX, 
CLDN1, CLDN17, DRAM, DDX60, FGF4, FGF14, LEP, PTEN, TNFRSF11B, TP53 and TP63). As shown in 
Fig.  7A, FAM83H-AS1 is strongly correlated with these coding genes across multiple tumor types, namely 
BLCA, BRCA, CESC, COAD, LAML, LUAD, LUSC, OV, PAAD, PRAD, READ, SKCM, STAD, TGCT, UCEC 
and UCS. We then calculated the hazard ratio (HR) of decease event related to FAM83H-AS1 and its potential 
targets expression in 16 different tumor types from TCGA (Fig. 7B). We found a significant association (log-rank 

Table 2.   Examples of differentially expressed genes in the FAM83H-AS1 high versus. low BRCA sample.

Description Pathway Fold change (log2) padj-value

Myosin Light chain 2 Tight junction signaling 4.268825581 3.38E−52

Myosin heavy chain 2 WNT signaling pathway 3.267559072 9.51E−42

Actin alpha 1 WNT signaling pathway 2.247491528 1.06E−30

Leptin Cell migration − 2.03868572 1.10E−08

MicroRNA 181 Cell migration − 1.757287497 8.07E−06

Nuclear receptor 1 H4 Cell migration − 1.923864676 1.47E−05

Fibroblast Growth Factor 4 MAPK signaling/Focal adhesion − 1.60587355 9.78E−08

Fibroblast Growth Factor 21 MAPK signaling/Focal adhesion − 1.813231804 3.74E−05

Claudin 17 Epithelial to mesenchymal transition − 1.609953043 0.00048284

Insulin like growth factor binding protein 1 PI3K pathway − 3.010911164 1.75E−11

Cadherin 9 Cadherin signaling − 1.579133916 2.44E−05

Hydroxy-delta-5-steroid dehydrogenase Steroid synthesis − 1.961005522 1.57E−10

UDP glucuronosyltransferase family 1 member A1 Steroid synthesis − 1.554304254 0.001164245

Alcohol dehydrogenase 1A (class I) alpha polypeptide Drug metabolism − 2.556929166 4.05E−09

Cytochrome P450 family 2 subfamily A member 6 Drug metabolism − 2.989324666 3.13E−09

Deathassociated protein kinase 3 Cell death regulation − 0.277 1.15E−04

Tumor protein p53 Cell death regulation 0.139 5.00E−02

TNF receptor superfamily member 11b Cell death regulation − 0.126 4.22E − 01

BCL2 associated X, apoptosis regulator Apoptosis regulation − 0.136 6.64E−02

BH3-like motif containing cell death inducer Cell death regulation − 2.779 1.07E−11

Phosphate and tensin homolog Cell survival signaling − 0.19 1.46E−03
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test; p < 0.05) of FAM83H-AS1 overexpression and a high decease HR in BRCA, PAAD and SKCM (Fig. 7B). 
The expression of FAM83H-AS1 potential targets is also associated with high or low HR in these tumors. Some 
of the coding genes that we either found in the differential expression analysis (Fig. 4) or after FAM83H-AS1 
knockdown in MCF7 cells (Fig. 5D) are also co-deregulated in other tumor types (Fig. 7C). Altogether, this 
evidence suggests a wide master regulatory role for FAM83H-AS1 not only in ER/ PRBRCA, but in other tumor 
types, such as PAAD and SKCM.

Discussion
Long non-coding RNAs are molecules that exert numerous roles in human cancers, as their biological activi-
ties involve regulation of cell proliferation, cell death, differentiation, migration and invasion. Deregulation in 
lncRNAs expression has also been associated with clinical outcome. LncRNAs can affect expression of thousands 
of genes, so they are regarded as key master regulators7–10.

In this work, our aim was to investigate a wider de-regulation for FAM83H-AS1 expression in tumors, focus-
ing on its functional and clinical role in breast cancer and the identification of potential FAM83H-AS1 targets. 
We found that FAM83H-AS1 was overexpressed in nine different tumor types in the TCGA database. In par-
ticular, FAM83H-AS1 is overexpressed and significantly correlated with a worse clinical outcome in PR positive 
(detected by immunohistochemistry) BRCA subtypes, in the TCGA breast cancer cohort. One previous report12 
shows that FAM83H-AS1 high expression indicated unfavorable prognosis in luminal breast cancer and was 
an independent prognostic indicator. To the best of our knowledge, this is the first report that suggests variable 
interaction between FAM83H-AS1 and IHC-detected PR and ER in the clinical outcome context. Furthermore, 
we demonstrate that ER and PR expression levels can act as potentiators of FAM83H-AS1 poor OS prediction. 
In particular, ER and PR high expression levels, together with FAM83H-AS1 over-expression, confers a very 
high risk (HR = 57) of decease in BRCA patients. This data suggest an important clinical role for FAM83H-AS1 
in ER/PR positive breast cancer. It is currently unknown, however, if these statistical and clinical interactions 
are reflected at the biological or molecular level, and future studies must address this issue.

Figure 4.   High FAM83H-AS1 levels in BRCA samples are correlated with down-regulation of cancer-related 
inhibitors. (A) Volcano plot depicting differentially expressed transcripts in high versus low FAM83H-AS1 
levels. Points in grey = non-significant; blue = p value significant; red = fold change, and p value significant. (B) 
Migration-related and steroid metabolism genes are significantly down-regulated when FAM83H-AS1 is highly 
expressed in BRCA. (C) GSEA analysis showed enrichment for apoptosis cell death and p53-signalling pathways 
in the FAM83H-AS1-high samples.
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Figure 5.   FAM83H-AS1 knockdown in MCF7 cells is associated with de-regulation of multiple cancer-related 
genes. (A) FAM83H-AS1 expression profile in breast cancer cell lines. (B) FAM83H-AS1 is localized both 
in nucleus and cytoplasm, but is enriched in cytoplasm in MCF7 cells. (C) short hairpin RNA silencing of 
FAM83H-AS1 in MCF7 cells. (D) sh-mediated silencing of FAM83H-AS1 induces differential expression in 415 
genes in MCF7 cells. Grey = non-significant; blue = p value significant; green = fold change significant; red = p 
value, and fold change significant. E, Cellular migration and cell death are two significantly enriched pathways 
after FAM83H-AS1 silencing in MCF7 cells.

Table 3.   Examples of differentially expressed genes after FAM83H-AS1 knockdown in MCF7 cells.

Gene symbol Description Pathway
Fold change (sh-FAM83H-AS1 vs. 
sh-RANDOM) p value

CLDN1 Claudin 1 Epithelial to mesenchymal transi-
tion 1.64 0.023413

TP63 Tumor protein p63 Apoptosis signaling 1.56 0.017146

H3F3C H3 histone, family 3C DNA replication 1.51 0.033872

FGF18 Fibroblast growth factor 18 MAPK signaling/Focal adhesion − 1.43 0.000613

DDX60 DEAD (Asp–Glu–Ala–Asp) box 
polypeptide 60 Cell death regulation − 1.45 0.008851

IFI6 Interferon, alpha-inducible protein 
6 Interferon signaling − 2.4 0.003207

DRAM1 DNA-damage regulated autophagy 
modulator 1 Cell death regulation − 1.54 0.018695

GPER1 G-protein coupled estrogen recep-
tor 1 Endocrine resistance − 1.31 0.0286

PARP9 Poly(ADP-ribose) polymerase fam-
ily member 9 DNA repair − 1.34 0.001424

GSTM3 Glutathione S + S transferase mu 
3 (brain) Drug metabolism − 1.49 0.012426
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We were also able to find a significant correlation between FAM83H-AS1 high expression and poor tamoxifen 
response in BRCA patients. This association could partially explain the reduced clinical response in FAM83H-
AS1 high expression group.

We also report that FAM83H-AS1 over-expression in TCGA breast cancer samples is associated with down-
regulation of migration and cell death-related transcripts, like FGF4, FGF21, LEP, CLDN17, TP53, BAX and 
TNFRSF11B. Accordingly, we also found that FAM83H-AS1 knockdown significantly deregulates migration 
and apoptosis-related genes, such as TP63 and CLND1. Transwell migration assays showed that indeed, cel-
lular migration increases after FAM83H-AS1 silencing. LEP and CLDN1 had been both shown to induce cel-
lular migration and epithelial to mesenchymal transition (EMT) in breast cancer cells19–23, further suggesting 
a FAM83H-AS1 role in the early steps of migration. Taken together, this data might explain the underlying 
mechanisms related to FAM83H-AS1 cell migration impairment in breast cancer cells.

FAM83H-AS1 might play a dual role, probably due to cellular context. FAM83H-AS1 was involved in regula-
tion of cell proliferation, migration and invasion processes that were decreased after FAM83H-AS1 knockdown 
in lung cancer cells. Further analysis indicated the cell cycle was arrested at the G2 phase after FAM83H-AS1 
knockdown11 In the same report, they found that MET/EGFR signaling was regulated by FAM83H-AS1. These 
conflicting results may be due to cellular context or specific regulation mechanisms, and henceforth, specific 
molecular targets.

We also identified that FAM83H-AS1 overexpression is associated with down-regulation of cellular death-
related transcripts, like BAX, TNFRSF11B and P53. In vitro assays also show that FAM83H-AS1 silencing 
increases cellular death, possibly by up regulating genes like p63. One previous report14 showed that cell death 
was markedly increased after with FAM83H-AS1 knockdown in colorectal cell lines. FAM83H-AS1, Notch1 and 
Hes1 were significantly increased in colorectal cancer samples and cell lines. Cell proliferation was inhibited with 
FAM83H-AS1 knockdown and this effect mediated by FAM83H-AS1 could be reversed by Notch1 regulators14.

It is currently not clear, however, if FAM83H-AS1 has a direct or an indirect effect in gene regulation. In this 
regard, it has been shown that FAM83H‐AS1 epigenetically silenced CDKN1A by binding to EZH2 in glioma 
cells24. In our differential expression analysis, we demonstrate that FAM83H-AS1 is mostly down-regulating gene 
expression. This data might suggest an inhibitory regulation role for FAM83H-AS1. Future studies must address 

Figure 6.   FAM83H-AS1 knockdown impairs cellular migration and induces cell death in breast cancer 
cells. (A) Transwell in vitro migration assays in MCF7 cells. (B) Caspase 3 activity assays in MCF7 cells. (C) 
Heatmap of the 3 gene sets enriched in the high FAM83H-AS1 expression group (blue) compared with that 
of FAM83H-AS1 low expression samples (green). (D) Constellation Map of the 3 gene sets. Three connected 
clusters of gene sets (migration, apoptosis and cell death and necrosis pathways) are detected in the low-
FAM83H-AS1 group.
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these mechanisms; as we cannot discard that FAM83H-AS1 may regulate master gene expression via recruiting 
epigenetic complexes (e.g. EZH2). In addition, the exact role for FAM83H-AS1 in up-regulated genes remains 
obscure. We cannot discard a subtle, alternative role for this lncRNA in gene activation, and future studies must 
address this issue.

Our results also show that FAM83H-AS1 is present both in nucleus and cytoplasm of breast cancer cells. It is 
possible that this lncRNA is playing a different role in cytoplasm, and future studies must focus on this question.

In conclusion, FAM83H-AS1 is a lncRNA that is de-regulated in multiple cancers, and is a promising molecule 
that can perform as an independent prognostic factor in ER/ PR positive breast cancer. FAM83H-AS1 deregula-
tion is associated with migration and cell death impairment in BRCA samples and breast cancer cells, and may 
regulate a plethora of cancer-related gene targets, such as p63, BAX, LEP and CLDN1.

Methods
The Cancer Genome Atlas (TCGA) and Gene expression omnibus (GEO) datasets.  FAM83H-
AS1 expression levels were screened in the 33 tumor datasets (see supplementary Table  3 for details) from 
TCGA and correspondent normal tissues using the Gene expression Profiling Interactive Analysis (GPIA) plat-
form (https​://gepia​.cance​r-pku.cn/). The 33 tumors included are enlisted as follows: Acute myeloid leukemia 
(LAML); Adrenocortical carcinoma (ACC), Bladder Urothelial Carcinoma (BLCA); Brain Lower Grade Glioma 
(LGG); Breast invasive carcinoma (BRCA); Cervical squamous cell carcinoma and endocervical adenocarci-
noma (CESC); Cholangiocarcinoma (CHOL); Chronic Myelogenous Leukemia (LMCL); Colon adenocarci-
noma (COAD); Esophageal carcinoma (ESCA); Glioblastoma multiforme (GBM); Head and Neck squamous 
cell carcinoma (HNSC); Kidney Chromophobe (KICH); Kidney renal clear cell carcinoma (KIRC); Kidney renal 
papillary cell carcinoma (KIRP); Liver hepatocellular carcinoma (LIHC); Lung adenocarcinoma(LUAD);Lung 
squamous cell carcinoma (LUSC); Mesothelioma (MESO); Ovarian serous cystadenocarcinoma (OV); Pancre-
atic adenocarcinoma (PAAD); Prostate adenocarcinoma (PRAD); Rectum adenocarcinoma (READ); Sarcoma 
(SARC); Skin Cutaneous Melanoma (SKCM); Stomach adenocarcinoma (STAD); Testicular Germ Cell Tumors 
(TGCT); Thyroid carcinoma (THCA);Uterine Carcinosarcoma (UC);Uterine Corpus Endometrial Carcinoma 
(UCEC); Uveal Melanoma (UVM).

Figure 7.   The expression of master regulators of cancer, such as p53 and p63, are dependent of FAM83H-AS1. 
(A) FAM83H-AS1 expression levels are strongly correlated with 12 potential target genes (TP53, TP63, BAX, 
CLDN1, CLDN17, CDH9, TNFRSF11B, PTEN, FGF4, FGF14, DRAM, DDX60 ) across 13 different tumors 
( BLCA, BRCA, CESC, COAD, LUAD, LUSC, PAAD, PRAD, READ, OV, STAD, UCEC, UCS, SKCM). (B) 
Overall survival heatmap, depicting that over-expression of FAM83H-AS1 confers high risk of death in BRCA, 
PAAD and SKCM patients. (C) FAM83H-AS1 and its potential target genes are deregulated in 17 different 
tumors.
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Potential target genes expression correlation, Hazard ratio (HR) map, co-expression map and BRCA stage 
plots were also generated in the GPIA platform. FAM83H-AS1 expression levels were considered significantly 
correlated with tumors when log2FoldChange > 1 and p value < 0.01.

Microarray generated expression data was downloaded from the GEO dataset GSE115577. This dataset 
includes RNA levels from 467 BRCA samples, analyzed with the Affymetrix HTA 2.0 platform. Downstream 
analysis is described below.

IHC‑detected hormonal receptors and FAM83H‑AS1 risk model.  Clinical information of the BRCA 
patients was downloaded from the TCGA database (https​://porta​l.gdc.cance​r.gov/). FAM83H-AS1 expression 
levels were downloaded from the TANRIC tool (https​://ibl.mdand​erson​.org/tanri​c/_desig​n/basic​/main.html). 
We first searched for the ER and PR status, and the numerical value for percent stained cells, also available in the 
clinical data. We then calculated the Allred score17 (which measures the stain intensity and stain pattern) for ER 
and PR positivity levels in TCGA samples. We calculated the FAM83H-AS1 expression quartiles and stratified 
its levels of expression in this four groups (quartiles).

We then multiplied the Allred score with the FAM83H-AS1 expression levels (quartiles), and obtained nine 
patient groups: all the possible combinations for this particular model. We then performed two regression Cox 
models: in the first one, we established major risk groups. In the second one, we computed these major risk 
groups, shown in the results section.

Breast cancer samples differential expression analysis.  Breast cancer RNAseq counts were down-
loaded from the TCGA Data Portal (https​://porta​l.gdc.cance​r.gov). After dataset preparation, we identified the 
FAM83H-AS1 ID (ENSG00000282685) and downloaded the expression counts. Transcripts with 10 counts or 
less were not included in the analysis. In order to generate the high and low FAM83H-AS1 expression groups, we 
calculated two percentiles from the count expression data. The first quartile (25) contains the lowest FAM83H-
AS1 expression counts, and the upper quartile (75), contains the highest expression levels for this transcript. We 
then performed differential expression analysis with the DESeq2 module from the Gene Pattern platform (https​
://softw​are.broad​insti​tute.org/cance​r/softw​are/genep​atter​n/). Genes were considered differentially expressed 
when Log2Fold Change was > 1.5 and − <1.5 and p adjusted value < 0.05. Volcano plots were generated with the 
Enhanced Volcano R Package.

The upper (75) and lower quartile (25) approach to generate FAM83H-AS1 expression groups described above 
was also performed with the expression data from GSE115577. In this particular case, groups were generated in 
order to perform single sample Gene Set Enrichment Analysis (ssGSEA).

Breast cancer patients and biological samples.  A total of 42 biological samples (biopsies) were col-
lected from breast cancer patients attending to Fundación Cáncer de Mama (FUCAM) in Mexico City, Mexico. 
Adjacent normal samples were obtained from 2 cm above the surgical tumor margin. All patients signed a writ-
ten informed consent before participating in this study. The study was approved by the Research Ethics Commit-
tee (INMEGEN) and the FUCAM Ethics Committee (Registration number: CE2009/11). All research methods 
were performed in accordance with relevant regulations and guidelines.

Biological samples were bisected; one portion was fixed in formaldehyde (10%), paraffin embedded (Paraplast 
Plus®; Sigma Aldrich ®, St Louis, Missouri, USA) and then submitted to haematoxylin and eosin staining for 
histopathological examination by an expert pathologist. Tumor stage was assessed, according to International 
standards. The second portion the sample was used for RNA extraction and functional downstream analysis. 
All tissues were liquid nitrogen-frozen and stored at − 80 °C.

In all 42 cases, demographic (age, sex), clinical (date of diagnosis, therapy received), pathologic (stage, grade, 
histological type) and prognostic data (recurrence, progression and overall survival) were available and correlated 
with FAM83H-AS1 expression status.

Cell culture.  ER/PR-positive human breast cancer cell line MCF-7 (ATCC HTB-22) cells were purchased 
from American Type Culture Collection (ATCC, Manassas, Virginia, USA) and cultured in Dulbecco´s Modi-
fied Eagle Medium F12 (DMEM-F12; Corning® Inc, N.Y, USA) with 10% Fetal Bovine Serum (Corning® Inc, 
N.Y, USA). Cells were grown in 75 cm3 cell culture bottles (Corning® Inc, N.Y, USA) at 37 °C with an atmosphere 
95%/5% of air/CO2.

Plasmids and transfection.  Control and target plasmids were cloned using the BLOCK-iT™ U6 RNAi 
Entry Vector Kit (ThermoFisher™ Scientific, Waltham, Massachusetts, USA), according to the manufacturer´s 
recommendations. Short hairpin RNA oligos were designed using the Invitrogen Block-iT™ RNAi designer tool. 
Oligos were designed to target FAM83H-AS1 Exon 1 sequence (Oligo sh Top sequence: CAC​CGA​AGA​ACA​
TCC​CAG​ATT​ACC​CGC​GAA​CGG​GTA​ATC​TGG​GAT​GTT​CTTTT; Bottom sequence: AAA​AGA​ACA​TCC​
CAG​ATT​ACC​CGT​TCG​CGG​GTA​ATC​TGG​GAT​GTT​CTT​C). This double stranded oligo was then annealed 
and cloned into the entry vector pENTR™/U6 (ThermoFisher™ Scientific, Waltham, Massachusetts, USA). The 
plasmids were then introduced onto E. coli TOP10 competent cells, which were grown in LB/agar medium at 
37 °C.

Plasmids were purified using GeneJet Plasmid Miniprep Kit (ThermoFisher™ Scientific, Waltham, Massachu-
setts, USA) and sequenced to confirm insert integrity.

Transfection experiments were performed using Xfect™ Transfection Reagent (Clontech Laboratories Inc., 
Mountain View, California, USA) following the manufacturer´s instructions. Briefly, 100,000 cells were cultured 
24 h prior to transfection in 24-well plates. 750 ng of the random plasmid and 750 ng of sh-FAM83H-AS1 plasmid 
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were diluted and then added to each well. Transfection reaction was incubated for 24 h; medium was removed 
and replaced with fresh complete medium.

RNA extraction.  Genomic RNA was extracted using the commercial kit AllPrep® DNA/RNA FFPE (Qia-
gen® Inc, Valencia, CA) following manufacturer´s instructions. Briefly, the tissues were deparaffinized, disrupted 
and lysed. RNA was then precipitated, washed, purified and suspended in RNAse free water. RNA concentra-
tion was evaluated by spectrofotometry (NanoDrop Technologies, Wilmington, Delaware, USA). RNA integrity 
was analized using the BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). Samples were stored at 
− 80 °C.

Quantitative reverse transcription polymerase chain reaction (qRT‑PCR).  cDNA was synthetized 
using SuperScript III RT-PCR (Invitrogen, ThermoFisher™ Scientific, Waltham, Massachusetts, USA) follow-
ing the manufacturer’s instructions. Briefly, 100 ng of total RNA from cell lines or breast cancer samples were 
used to synthesize cDNA in a final reaction volume of 20 μL. The PCR reaction contained 1 μL of cDNA, 5 μL 
2X TaqMan Universal Master Mix (Applied Biosystems, ThermoFisher™ Scientific, Waltham, Massachusetts, 
USA), 0.5  μL TaqMan probes (AIS09YL custom for FAM83H-AS1) and 3.5  μL of nuclease-free water. Both 
primers and reporter were designed to target FAM83H-AS1 exon 1 (Forward primer: ATC​CCA​GTT​GAT​ATC​
AGG​GCA​ATC; reverse primer: TGT​AAG​CCC​TTG​ATA​TTG​G; reporter: TCC​TGG​CTG​TTT​TCC). GAPDH 
(Hs99999905) and SCARNA5 (Hs03391742_cn) transcripts were used as endogenous controls.

Subcellular fractionation and validation.  MCF7 cellular fractionation (cytoplasm and nucleus) assays 
were performed using the Protein and RNA Isolation System (PARIS™) Kit (ThermoFisher™ Scientific, Waltham, 
MA, USA) according to manufacturer’s instructions. Total and fractionated RNA was purified and then analyzed 
by RT-PCR, as described above. RNA percentages of each transcript over total RNA were calculated. GAPDH 
(Hs99999905) and MALAT-1 were used as cytoplasmic and nuclear controls, respectively.

The lncATLAS database (https​://lncat​las.crg.eu/) was used to validate FAM83H-AS1 subcellular localization 
in MCF7 cells.

Microarray expression analysis.  Global expression analysis was performed using Human Transcriptome 
Array 2.0® (Affymetrix® Inc, Santa Clara, CA, USA). This array covers 44,699 coding RNAs and 22,829 non-
coding RNAs. A total of 200 nanograms of RNA were processed in each assay. All samples were processed using 
WT Plus Reagent Kit and Affymetrix hybridization kits, according to Affymetrix® recommendations.

Gene expression profiles.  Affymetrix HTA 2.0 dataset analysis was performed using the Affymetrix® 
Expression Console and Transcriptome Analysis Console®. Normalized intensities from the sh-RANDOM con-
dition was compared to normalized intensities from the sh-FAM83H-AS1 condition using one-way ANOVA. 
Genes were considered differentially expressed when fold change was > 1.5 and −  <1.5 and p value < 0.05.

Pathway enrichment analysis.  Pathway enrichment analysis was performed with Ingenuity Pathway 
Analysis® (IPA) software. Z-scores and p values were also computed using this platform. Only differential statis-
tically significant genes were included in this analysis (see criteria above).

Gene set enrichment analysis (GSEA) was performed with the Web-based Gene SeT Analysis Toolkit (Web-
Gestalt) platform (www.webge​stalt​.org). Non-significant pathway-enriched genes were included in this analysis 
as a priori set of genes.

ssGSEA was performed with the ssGSEA projection Gene Pattern module (https​://softw​are.broad​insti​tute.
org/cance​r/softw​are/genep​atter​n/). Graphic visualization was constructed using the Constellation Map module25, 
also available in the Gene Pattern platform. Migration and cell death complete pathways that were generated in 
the IPA software, as a result of the microarray expression assays, were used as a priori set of genes. GSE115577 
dataset (BRCA samples) was used as the input cohort to perform enrichment analysis.

Transwell migration and invasion assays.  For migration assays, MCF-7 cells were seeded in 24-well 
plates (100,000 cells per well) and transfected with sh-RANDOM or sh-FAM83H-AS1 plasmids. 24 h after trans-
fection, cells were tripsinized and cultured in Transwell® Chambers (8.0 µm) (Corning® Inc, N.Y, USA). Cells 
were incubated for 24 and 48 h after tripsinization and then fixed with cold 70% Ethanol (J.T. Baker®, Fisher 
Scientific, Waltham, Massachusetts, USA). Cells were stained with 1X SRB Staining Solution (VitroSure™ SRB 
Viability/Cytotoxicity Assay Kit, GeneCopoeia™, Rockville, Maryland, USA). In vitro invasion assays were done 
in the same fashion, but adding Matrigel Matrix (Corning® Inc, NY, USA) in each Transwell® Chamber. Invasion 
was analyzed after 24 and 48 h after seeding.

Cell migration and invasion was evaluated by double-blind manual counting and image analysis using the 
software ImageJ.

Caspase 3 activity assays.  Cell death induction was evaluated using the Caspase-3 Colorimetric Activity 
Assay Kit (Merck Millipore®, Burlington MA, USA), following the manufacturer´s instructions. Briefly, MCF7 
cells were transfected with sh-RANDOM, sh-FAM83H-AS1 or treated with dimethyl sulfoxide (DMSO) 10%. 
Caspase 3 activity was measured 24 h, 48 h and 72 h after transfection or DMSO treatment.
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Statistical analysis.  Kaplan Meier survival analysis for FAM83H-AS1 associated tumors (except for 
BRCA) were performed in the GPIA platform.

Overall survival (OS) of the BRCA TCGA patients and our independent cohort was analyzed with the 
Kaplan–Meier model and the multivariable Cox´s regression model. This analysis was performed with the 
PASW statistics software (SPSS, IBM®, Quarry Bay, Hong Kong). Fischer´s exact test was calculated in order to 
correlate clinical variables with FAM83H-AS1 expression level. Student´s T-tests were performed to calculate 
statistical differences in functional in vitro assays. For all statistical tests, the level of significance was < 0.05.

Ethics approval and consent to participate.  This study was approved by the Research and Ethics Com-
mittee of National Institute of Genomic Medicine and the Institute of Breast Diseases, FUCAM (Registration 
number: CE2009/11). Written informed consent was obtained from each patient before any procedure.

Data availability
Gene Expression Omnibus (GEO): data submitted.
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Breast cancer (BRCA) is a serious public health problem, as it is the most frequent
malignant tumor in women worldwide. BRCA is a molecularly heterogeneous disease,
particularly at gene expression (mRNAs) level. Recent evidence shows that coding RNAs
represent only 34% of the total transcriptome in a human cell. The rest of the 66% of RNAs
are non−coding, so we might be missing relevant biological, clinical or regulatory
information. In this report, we identified two novel tumor types from TCGA with
LINC00460 deregulation. We used survival analysis to demonstrate that LINC00460
expression is a marker for poor overall (OS), relapse-free (RFS) and distant metastasis-free
survival (DMFS) in basal-like BRCA patients. LINC00460 expression is a potential marker
for aggressive phenotypes in distinct tumors, including HPV-negative HNSC, stage IV
KIRC, locally advanced lung cancer and basal-like BRCA. We show that the LINC00460
prognostic expression effect is tissue-specific, since its upregulation can predict poor OS
in some tumors, but also predicts an improved clinical course in BRCA patients. We found
that the LINC00460 expression is significantly enriched in the Basal-like 2 (BL2) TNBC
subtype and potentially regulates the WNT differentiation pathway. LINC00460 can also
modulate a plethora of immunogenic related genes in BRCA, such as SFRP5, FOSL1,
IFNK, CSF2, DUSP7 and IL1A and interacts with miR-103-a-1, in-silico, which, in turn,
can no longer target WNT7A. Finally, LINC00460:WNT7A ratio constitutes a composite
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marker for decreased OS and DMFS in Basal-like BRCA, and can predict anthracycline
therapy response in ER-BRCA patients. This evidence confirms that LINC00460 is a
master regulator in BRCA molecular circuits and influences clinical outcome.
Keywords: LINC00460, breast cancer, basal-like, biomarker, increased prognosis, mir-103a, sponge, WNT7A
INTRODUCTION

Breast cancer (BRCA) is a major public health problem, as it is
the most frequent malignant tumor in women worldwide.
According to GLOBOCAN (2018), at least 2.088 million new
cases and a total of 626,679 deaths were reported globally (1).
Breast cancer is a phenotypically heterogeneous disease, with
well-defined histological types. In 2000, Perou et al. (2),
suggested that this physical heterogeneity is also reflected on
molecular level, particularly on transcriptome, where same
histological types can display a variety of differentially
expressed genes. Four BRCA subgroups are differentiated by
the expression of 50 genes (the PAM50 signature): Luminal A,
Luminal B, HER2-enriched and Basal-like tumors. This
molecular classification has been used to discern between
aggressive and non-aggressive tumors, evaluate metastatic
potential, establish clinical prognosis and estimate survival,
among other relevant cancer-related features. Furthermore,
patients´ therapy response-associated expression profiles can
be subjected to the same classification, allowing us to predict a
type of therapy a patient can benefit from, e.g. chemotherapy or
anti-hormonal therapy (3). All these clinical advances are only
focused on coding RNAs profiles; however, more recent reports
have shown that coding (messenger) RNAs represent only 2% of
the total transcriptome in a human cell (4). The remaining 98%
of transcriptome are non-coding RNAs, that might nevertheless
carry relevant biological and clinical information.

Long non-coding RNAs (lncRNAs) are non-translated
transcripts with a length of 200 nucleotides or superior. In
recent years, several papers have focused on their role in
different types of cancer showing their contribution to critical
biological processes including carcinogenesis, apoptosis,
differentiation, proliferation, invasion and metastasis among
others (5–8). LncRNAs display multiple regulatory functions,
as they can act as modulators of transcription and chromatin
remodeling (9, 10), as splicing factors (11, 12), as regulators of
mRNA decay (13), mRNA stability (14), as protein decoys (15)
and microRNA (miRNA) sponges (16, 17). In this sponging
effect, a lncRNA competes with a miRNA to release the
inhibition of other genes (18, 19). Several reports have shown
that sponge lncRNAs play a pivotal role in various cancer types
(20–24), including BRCA (25, 26) and abnormal expression of
lncRNAs can significantly contribute to BRCA initiation and
progression (25, 27, 28).

The long intergenic non-coding RNA 460 (LINC00460) is a
human lncRNA gene, transcribed from chromosome 13q33.2
and measuring 913 bp (29). The LINC00460 is constituted by
three exons and it has been shown that it lacks coding capability
(30, 31). According to the ENSEMBL database, the human
244 
LINC00460 gene has seven splice variant transcripts reported
to date (32). It has been observed that LINC00460 functions as
an oncogene, acting as a miRNA sponge (17, 33–43). In these
models, LINC00460 sponging activity and its association with
cancer-related processes such as increase in proliferation,
epithelial to mesenchymal transition (EMT), migration,
invasion and metastasis (44–46) is well described. For example,
LINC00460 promotes hepatocellular carcinoma progression by
sponging miR-342-3p and hence increasing AGR2 expression
level (47). Similar LINC00460 sponging and cancer-related
mechanisms across distinct tumors are described in several
reports (38–43, 48).

The LINC00460 role in clinical cancer features has also been
studied. LINC00460 over-expression is strongly associated with
poor survival rates in different tumors, such as lung, ovary,
larynx, nasopharynx, head and neck, meningioma, kidney,
thyroid, colorectal, glioma, osteosarcoma, bladder and cervix
(31, 35, 48–56). Thus, LINC00460 is a well-defined sponge
lncRNA with significant prognostic potential in several tumors,
however its clinical and biological relevance in BRCA is poorly
understood (33), and thorough studies are needed.

In this study, we aimed to elucidate the potential role of
LINC00460 in BRCA. For this purpose, we performed a series of
analysis to infer its biological relevance and verify the underlying
role of LINC00460 in BRCA. We identified two novel (not
previously reported) tumor types from the TCGA cohort with
LINC00460 deregulation. In addition, we used a multivariate
Cox regression analysis to demonstrate that LINC00460
expression is related to poor prognosis in three different
tumors. We show here that LINC00460 upregulation is
significantly associated with improved survival in BRCA in
three independent cohorts. This increased survival effect is
replicated in Basal-like BRCA and furthermore, we
demonstrate that LINC00460 is significantly enriched in the
Basal-like 2 (BL2) Triple Negative Breast Cancer (TNBC)
subtype. Using differential expression and correlation analysis,
we show that LINC00460 overexpression impairs several breast
cancer-related pathways: WNT signaling pathway, cytokine
inflammatory response and DNA damage response. Among
the most relevant potential LINC00460 gene targets, we found
WNT7A, SFRP5, FOSL1 and IFNK to be deregulated in the
LINC00460-high condition. Using in-silico prediction analysis,
we show that LINC00460 could interact with miR-103-a, which
in turn, potentially regulates WNT7A. Finally, we demonstrate
that LINC00460: WNT7A ratio is a composite marker for
increased OS and DMFS in Basal-like BRCA, and their
combined expression can predict anthracycline therapy
response in ER-BRCA patients, which further pinpoints the
biological and clinical role of these transcripts in TNBC.
April 2021 | Volume 11 | Article 628027
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MATERIALS AND METHODS

The Cancer Genome Atlas (TCGA)
Datasets
LINC00460 expression levels were screened in 31 TCGA tumor
datasets and their corresponding GTEx normal tissues using the
Gene Expression Profiling Interactive Analysis 2 (GEPIA2)
platform (http://gepia2.cancer-pku.cn/#index) (57). The 31
tumors included in the analysis are summarized in
Supplementary Table 1 and enlisted as follows: Acute myeloid
leukemia (LAML); Adrenocortical carcinoma (ACC); Bladder
urothelial carcinoma (BLCA); Brain lower grade glioma (LGG);
Breast invasive carcinoma (BRCA); Cervical squamous
cell carcinoma and endocervical adenocarcinoma (CESC);
Cholangiocarcinoma (CHOL); Colon adenocarcinoma
(COAD); Esophageal carcinoma (ESCA); Glioblastoma
multiforme (GBM); Head and neck squamous cell carcinoma
(HNSC); Kidney chromophobe (KICH); Kidney renal clear cell
carcinoma (KIRC); Kidney renal papillary cell carcinoma
(KIRP); Liver hepatocellular carcinoma (LIHC); Lung
adenocarcinoma (LUAD); Lung squamous cell carcinoma
(LUSC); Lymphoid neoplasm diffuse large B-cell lymphoma
(DLBC); Ovarian serous cystadenocarcinoma (OV); Pancreatic
adenocarcinoma (PAAD); Pheochromocytoma and Paraganglioma
(PCPG); Prostate adenocarcinoma (PRAD); Rectum
adenocarcinoma (READ); Sarcoma (SARC); Skin cutaneous
melanoma (SKCM); Stomach adenocarcinoma (STAD); Testicular
germ cell tumors (TGCT); Thymoma (THYM); Thyroid carcinoma
(THCA); Uterine carcinosarcoma (UCS); Uterine corpus
endometrial carcinoma (UCEC). Mesothelioma (MESO) and
Uveal melanoma (UVM) were removed from the analysis, since
the correspondent normal tissues were not available in the
GEPIA2 platform.

Additional analysis with TCGA breast cancer, normal tissues
and HNSC HPV status, was performed using data retrieved from
the TANRIC platform (https://ibl.mdanderson.org/tanric/_
design/basic/main.html) (58). Violin plots, box plots and notch
plots were constructed using the ggplot2 R package. Validation of
LINC00460 over-expression in BRCA versus normal tissues was
performed using data retrieved from the GSE29431 dataset
(https://www.ncbi.nlm.nih.gov/geo/) and analyzed using the
lnCAR platform (https://lncar.renlab.org/) (59).

LUAD, LUSC and KIRC tumor stage plots were generated in
the GEPIA2 platform. LINC00460 expression levels were
considered significantly correlated with tumors when log2 fold
change (Log2FC)>1 and p-value<0.01.

Breast Cancer Samples Differential
Expression Analysis
Breast cancer RNA seq counts were obtained from The Cancer
Genome Atlas (TCGA) data portal (https://portal.gdc.cancer.
gov). After dataset preparation, we identified the LINC00460
ID (ENSG00000233532), which is located in chromosome 13:
106,376,563-106,378,217. We then downloaded the LINC00460
expression counts and performed filtering of transcripts with 10
counts or less. In order to generate the high and low LINC00460
Frontiers in Oncology | www.frontiersin.org 345 
expression groups, we calculated two percentiles from the count
expression data. The first percentile (25) contains the lowest
LINC00460 expression counts, and the upper percentile (60),
contains the highest expression levels for this transcript. We
then performed differential expression analysis with the DESeq2
tool from the Gene Pattern platform, using the default
parameters (http://software.broadinstitute.org/cancer/software/
genepattern/) (61).

Genes were considered differentially expressed when Log2FC
was >1.5 and -<1.5 and p- adjusted value <0.05. Volcano plots
were generated with the ggplot2 and ggrepel R packages.

Breast Cancer Patients and
Biological Samples
A total of 74 biological samples (frozen tissues) were collected
from breast cancer patients attending Fundación de Cáncer de
Mama A.C. (FUCAM) in Mexico City, Mexico. Formalin fixed
paraffin embedded (FFPE) breast cancer samples (n=19) were
collected from the Hospital Central Sur de Alta Especialidad,
Petróleos Mexicanos (PEMEX). None of the patients received
neoadjuvant therapy. All patients signed a written informed
consent. The studies involving human participants were
reviewed and approved by the Research Ethics Committee
(INMEGEN) and the FUCAM Ethics Committee (Registration
number: CE2009/11).

Biological samples were bisected; one portion was fixed in
formaldehyde (10%), paraffin embedded (FFPE) (Paraplast
Plus®; Sigma Aldrich ®, St Louis, Missouri, USA) and then
submitted to Hematoxylin and Eosin (H&E) staining for
histopathological examination by a certified pathologist.
Tumor stage was assessed, according to international
standards. The second portion of the sample was used for
RNA extraction and functional downstream analysis. All
tissues were liquid nitrogen-frozen and stored at -80°C.
Samples with more than 80% tumor cells were included in the
analysis, otherwise were discarded.

An expert pathologist performed the standardized evaluation
of stromal tumor-infiltrating lymphocytes (TILs) based on H&E
-stained slides of breast tumoral tissue. Briefly, TILs assessment
was performed as follows: a) only TILs within the borders of the
invasive tumors were evaluated; b) the invasive edge was
included in the evaluation; c) only mononuclear infiltrates
were included; d) immune infiltrates in adjacent normal tissue
or areas of central necrosis or fibrosis were not included; e) the
average TILs of the stromal area were reported. For the purposes
of this research, the cut-off points of TILs were defined in less
than 50% and more than 50% in the stromal area.

In all cases, demographic (age, sex), clinical (date of diagnosis,
therapy received), pathologic (stage, grade, histological type) and
prognostic data (recurrence, progression and overall survival)
were available and correlated with LINC00460 expression status.

RNA Extraction
Total RNA was extracted using the commercial kit AllPrep®DNA/
RNA FFPE (Qiagen® Inc, Valencia, CA) following manufacturer’s
instructions. Briefly, the tissues were deparaffinized, disrupted
April 2021 | Volume 11 | Article 628027
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and lysed. RNA was then precipitated, washed, purified and
suspended in RNAse free water. RNA concentration was
evaluated by spectrophotometry (NanoDrop Technologies,
Wilmington, Delaware, USA). RNA integrity was analyzed using
the BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA),
only high-quality samples were used. Samples were stored at -80°C
until processing.

Microarray Re-Analysis
Using the BRCA cohort previously reported by our group in (62)
(n = 74; Luminal A = 24, Luminal B = 23, HER2 = 14, Basal = 13)
in which samples were analyzed using Human Transcriptome
Array 2.0 (Affymetrix, Inc, Santa Clara, CA), we were able to
identify LINC00460 expression levels across BRCA subtypes. We
used the Robust Multi-chip Analysis (RMA) algorithm to
minimize the effect of probe-specific affinity differences and to
normalize samples (63). Log 2 relative fluorescent signal
intensities were computed using the Transcriptome Analysis
Console (Affymetrix, Inc, Santa Clara, CA).

Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)
cDNA was synthetized using SuperScript III RT-PCR (Invitrogen,
ThermoFisher™ Scientific, Waltham, Massachusetts, USA) and
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™, Foster City, California, USA), following the
manufacturer’s instructions. Briefly, 100 ng of total RNA from
cell lines or breast cancer samples were used to synthesize cDNA
in a final reaction volume of 20mL. The PCR reaction contained
1mL of cDNA, 5 mL 2X TaqMan Universal Master Mix (Applied
Biosys tems , ThermoFi she r™ Sc i en t ific , Wal tham,
Massachusetts, USA), 0.5 mL TaqMan probes (custom-made for
LINC00460) and 3.5 mL of nuclease-free water. Both primers and
the reporter were designed to target LINC00460, exon 2, transcript
variant 1 (NCBI Reference Sequence: NR_034119.2). Forward
primer: CCTGGATGAACCACCATTGC; reverse primer:
ATGAGAACGAAGGTTACGACCATT ; r e p o r t e r :
ATGTTGCAGCTTTCCCA). GAPDH (Hs99999905) and
SCARNA5 (Hs03391742_cn) transcripts were used as
endogenous controls.

Pathway Enrichment Analysis
Pathway enrichment analysis was performed using Ingenuity
Pathway Analysis® (IPA) software. Z-scores and p-values were
also computed using this platform. Only differential statistically
significant genes were included in this analysis (see criteria above).

Overrepresentation Enrichment Analysis (ORA) was
performed with the web-based Gene SeT Analysis Toolkit
(WebGestalt) platform (www.webgestalt.org) (64). LINC00460
significantly correlated genes were included in this analysis.

BRCA and HNSC Datasets for Validation
Survival analyses from independent BRCA Gene Expression
Omnibus (GEO) cohorts were performed using the Kaplan-Meier
plotter (KM plotter) site (http://kmplot.com/analysis/) (65). These
GEO datasets contain gene expression data from 6,234 BRCA
samples analyzed with multiple microarray platforms, including
Frontiers in Oncology | www.frontiersin.org 446 
Human Genome U133 and Human Genome U133 Plus 2.0 Arrays
(Affymetrix). We used GEO-derived cohorts, the GSE16446 and
GSE21653 datasets, or a combination of several datasets. The
GSE16446 dataset was selected, since it contains 120 microarray
experiments from primary ER-negative breast tumors of
anthracycline-treated patients (66). The GSE21653 dataset
contains data of 266 invasive breast adenocarcinomas, with all
BRCA subtypes included (67, 68).We used the Affymetrix probe ID
1558930_at, that targets LINC00460, and the Affymetrix probe ID
210248_at, which targets WNT7A. In addition, we performed
survival analysis of hsa-miR-103a expression levels, using the
mirPower tool (69), included in the KM plotter website.

LINC00460:WNT7A ratio for TNBC survival analyses was
also performed in the KM plotter tool. LINC00460 and WNT7A
signature expression validation as anthracycline predictive
markers were analyzed with the ROC Plotter platform (http://
www.rocplot.org/site/index) (70).

For HNSC validation, we downloaded the GEO dataset
GSE3292. This cohort has 36 freshly frozen HNSC samples,
stratified by HPV status (negative or positive) and analyzed by
gene expression microarrays (Affymetrix Human Genome U133
Plus 2.0 Array).

For further TNBC validation, we downloaded the GEO
dataset GSE76250, which includes 165 samples. We then
analyzed the expression profile of these samples, and classified
them with the TNBCtype tool to obtain the Lehman subtypes
(http://cbc.mc.vanderbilt.edu/tnbc) (71). We then re-classified
these samples into the TNBCtype4 re-assigning IM and MSL
subtypes to the second highest correlated centroid, as described
in (72). For LINC00460 expression in TNBC cell lines validation,
we screened the Cancer Cell Line Encyclopedia (CCLE) online
tool (https://portals.broadinstitute.org/ccle) (73).

The validation datasets analyzed for this study can be found
in the Gene Expression Omnibus (GEO) web site (https://www.
ncbi.nlm.nih.gov/geo/).

miRNA Interaction Prediction Analysis
We used the miRcode prediction tool (http://www.mircode.org/)
(74) in order to identify potential LINC00460 miRNA targets.
We further corroborated these potential interactions using the
lncTAR tool (http://www.cuilab.cn/lnctar) (75). Interaction
prediction was considered valid when normalized delta G
(ndG) values reached the -0.1 cutoff.

We then performed a third in-silico prediction analysis, using
the miRPathDB tool (https://mpd.bioinf.uni-sb.de/) (60). We
searched the top 15 correlated mRNAs with LINC00460
expression levels (see Table 4) and downloaded the miRNAs
interaction list. We then compared these new miRNAs list with
the previous one described above, and identified potential
miRNA-mRNA-linc00460 interactions.

Statistical Analysis
It has been previously shown that cancer gene expression profiles
are not normally-distributed, either on the complete-experiment
or on the individual-gene level (76). Thus, LINC00460
expression distributions from the TCGA and validation BRCA,
KIRC, LUAD and HSNC datasets were first tested for normality
April 2021 | Volume 11 | Article 628027
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distribution using the Kolmogorov-Smirnov and the Shapiro-
Wilk tests. After results computation, we selected comparison
statistical tests accordingly.

Overall Survival (OS) using all patients from CESC, GBM,
HNSC, LGG, LUAD, PAAD and SARC and the Relapse Free
Survival (RFS) analysis using all patients from KIRC, LUAD,
READ and SARC was performed in the GEPIA2 platform.
Distant Metastasis Free Survival (DMFS) was computed using
the KM plotter tool described above.

OS of the BRCA TCGA patients and our independent cohort
was analyzed with the Kaplan-Meier model and the multivariable
Cox regression model. Relative Risk was also calculated. This
analysis was performed with the PASW statistics software (SPSS,
IBM®, Quarry Bay, Hong Kong). Chi-square tests were
calculated in order to correlate clinical variables status with
LINC00460 expression level (high or low expression).

For all statistical tests, the level of significance was <0.05.
RESULTS

LINC00460 Expression Is Deregulated in
Multiple Tumors
LINC00460 expression was evaluated in 31 tumor types and
normal tissues included in TCGA database. We found that
LINC00460 is overexpressed in five different epithelial cancers,
Frontiers in Oncology | www.frontiersin.org 547 
namely: Breast cancer (BRCA) (Figure 1B) ; Colon
adenocarcinoma (COAD); Head and Neck Squamous cell
carcinoma (HNSC), Pancreatic adenocarcinoma (PAAD) and
Rectum adenocarcinoma (READ) (Log2FC>1; p<0.05) (Figure
1A). Interestingly, we have also detected two central nervous
system cancers with LINC00460 low expression, comparing with
its normal tissue counterparts: Glioblastoma Multiforme (GBM)
and Low-Grade Glioma (LGG) (Log2FC<1; p<0.01)
(Supplementary Figure S1). These observations potentially
suggest a different role for LINC00460 in central nervous
system tumors, which can further be analyzed in future studies.

Among the seven LINC00460-deregulated tumors from the
TCGA cohort, we identified two novel (not previously reported)
tumors, namely LGG and GBM (Supplementary Figure S1). We
have also confirmed previous observations regarding LINC00460
overexpression in BRCA (33), comparing with normal tissue,
using two independent cohorts, namely TCGA (Tanric data,
T test; p=1.6845E-14) and the GEO cohort GSE29431 (Figure 1
and Supplementary Figure S2). These observations suggest a
ubiquitous role for LINC00460 in cancer biology.

LINC00460 Expression Is Associated With
Advanced Clinical Stages and Aggressive
Phenotypes in Different Cancers
LINC00460 over-expression was significantly associated with
advanced and locally advanced tumor clinical stages in three
A

B

FIGURE 1 | LINC00460 is aberrantly expressed in different tumors. (A) LINC00460 expression levels in 33 tumors (red dots) and its correspondent normal tissues
(grey dots). Tumors with overexpression and down expression of LINC00460 have red and grey color abbreviations, respectively. Data was obtained from GEPIA2
and modified. (B) LINC00460 is over-expressed in breast cancer compared with normal tissues. Data was retrieved from TANRIC and then re-plotted.
April 2021 | Volume 11 | Article 628027
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distinct cancers: LUSC, LUAD and KIRC (ANOVA; p<0.05;
Supplementary Figures S3A–C). In the KIRC model,
LINC00460 over-expression is significantly associated with high
histological grade (Mann Whitney U-test; p=0.0001;
Supplementary Figure S3D). In addition, LINC00460
overexpression is correlated with further aggressive tumor
phenotypes, such as HPV negative HNSC (TCGA: Mann-
Whitney U, p< 0.05. GSE3292: one-way ANOVA, p= 0.02) and
basal-like BRCA (TCGA: Kruskal-Wallis test, p=3.14E-13. Mexican
cohort: Kruskal-Wallis test, p=0.012), using two independent
cohorts for each cancer type (Supplementary Figure S4 and
Figures 2A and B). This last observation was further validated in
a panel of BRCA cell lines, where we detected that LINC00460 is
mainly expressed in basal TNBC cells (Figure 2C). CCLE screening
confirmed TNBC LINC00460 enrichment (Supplementary Figure
S6). As LINC00460 expression is significantly related to Basal-like
BRCA, we reasoned that LINC00460 over-expression might also
be associated with Immunohistochemistry (IHC)-detected Estrogen
Receptor (ER) and Progesterone Receptor (PR) status in
BRCA patients. As expected, LINC00460 expression is enriched
in IHC-detected negative Estrogen receptor (ER) (Mann-Whitney
U; p=0.000079) and Progesterone Receptor (PR) (Mann-Whitney
U; p= 0.024) TCGA BRCA patients (Figure 2D). These
observations were validated in an independent mexican
cohort (Chi squared test ER p-value= 0.028; Chi squared test PR
p-value=0.001) (Figure 2E).
Frontiers in Oncology | www.frontiersin.org 648 
LINC00460 Is Related With Poor Prognosis
in Eight Different Tumors, but Increased
Survival Rate in BRCA
After demonstrating that LINC00460 is significantly related to
aggressiveness markers in different tumors, we then aimed to
know if its deregulation is also related to overall survival (OS)
and relapse free survival (RFS) in these cancers, using the TCGA
cohorts. As shown in Figure 3, LINC00460 overexpression is
significantly related to high risk of death in eight different
tumors, analyzed in a single model (CESC, GBM, HNSC,
KIRC, LGG, LUAD, PAAD and SARC) (log2HR>1; p<0.05)
(Figure 3A), and with high risk of relapse in four cancers (KIRC,
LUAD, READ and SARC) (log2HR>1; p<0.05) (Figure 3B).
Taken together with previous findings reported in the field (30,
34, 47, 48, 50–52, 54, 55, 57), this data suggests a relevant role for
LINC00460 in clinical cancer biology.

An unexpected observation in this regard is the effect of
LINC00460 over-expression in BRCA, which is associated with
improved OS (Figure 4A), compared with the LINC00460 low
expression group in two independent cohorts, namely TCGA
(through Tanric tool, n=743; logrank p=0.01) and mexican
(n=93; HR=1.655; 95% CI [1.038-26.41]; logrank p=0.045)
(Figure 4B). The clinical and pathological characteristics of the
TCGA and mexican BRCA patients are described in Table 1.

In addition, we observed that LINC00460 expression level
statistically interacts with PR, HER2 status, patient age, and
A B

D E

C

FIGURE 2 | LINC00460 high expression is associated with aggressive phenotypes in BRCA. (A) LINC00460 expression is significantly related with Basal-like BRCA
in the TCGA cohort, (B) in a Mexican independent cohort and (C) enriched in TNBC cell lines, (D) LINC00460 is significantly enriched in ER- and PR- BRCA in the
TCGA and (E) an independent Mexican BRCA cohort. *p<0.05, **p<0.005, ***p<0.0005.
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tumor grade in the survival Cox regression analysis of the
Mexican cohort (Supplementary Table S2). These interactions
suggest that LINC00460 is involved in important cancer-related
processes like tumor differentiation, hormonal status and HER2
Frontiers in Oncology | www.frontiersin.org 749 
expression in mexican BRCA patients, although the exact related
mechanisms remain unclear.

We have also assessed RFS in the GSE21653 dataset (n=240; HR
= 0.59; 95% CI [0.38 − 0.94]; logrank p = 0.024) and DMFS (n=120;
HR=0.78; 95% CI [0.6-1.02]; logrank p= 0.062) in BRCA patients in
the GEO-derived cohorts (Figure 4C and Supplementary Figure
S5). We found a corresponding significant association with
improved RFS for LINC00460-high patients. Although non-
significant, we observed a solid tendency to a higher DMFS in the
BRCA LINC00460-overexpressed group (Supplementary
Figure S5).

These data strongly suggest that LINC00460 might play a dual
prognostic role across different tumors, as high LINC00460
expression predicts an increased OS, RFS and DMFS in the
BRCAmodel, but it is also a marker for poor prognosis in at least
A

B

FIGURE 3 | LINC00460 deregulation is related to high risk of decease and
relapse across multiple cancers. (A) LINC00460 overexpression is significantly
associated with elevated HR of decease in eight different tumors (CESC,
GBM, HNSC, KIRC, LGG, LUAD, PAAD and SARC). (B) High LINC00460
expression is associated with increased risk of relapse in four different tumors
(KIRC, LUAD, READ and SARC).
A B C

FIGURE 4 | LINC00460 up-regulation is associated with improved OS and RFS in multiple BRCA cohorts. (A) LINC00460 over-expression is significantly associated
with improved OS in the BRCA TCGA cohort; (B) in an independent mexican patient cohort and (C) the GSE21653 GEO dataset.
TABLE 1 | Clinicopathological characteristics of the mexican BRCA cohort
(n = 107).

Variable Stratification Frequency n

Age <50 >50 NA
31 69 7

ER Negative Positive NA
35 68 4

PR Negative Positive NA
47 56 4

HER2 Negative Positive NA
79 23 5

Clinical Stage I II III IV
27 64 9 7

Grade I II III NA
14 64 20 9

Defunction Positive Negative NA
11 94 2

Metastasis Positive Negative NA
9 26 72

Survival (months) < 60 >60 NA
16 91 0

Tumor size <20mm >21 a 49 mm >50 mm NA
33 49 9 16

Molecular subtype (IHC) Luminal A Luminal B Her2 Basal NA
44 25 11 17 10

Lymphocyte infiltration ≤50 ≥50 NA
61 1 22
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eight distinct solid tumors (see Figure 3C). These intriguing
findings aimed us to further investigate the role of LINC00460
in BRCA.

LINC00460 Is Significantly Enriched in
Basal-Like 2 TNBC and Its Overexpression
Predicts a Favorable Clinical Course
We then directed our efforts to elucidate the role of LINC00460 in
OS prediction of the aggressive Basal-like BRCA model, a subtype
which comprises the majority of TNBC cases (77). Interestingly, the
Frontiers in Oncology | www.frontiersin.org 850 
improved OS effect shown in all BRCA patients (Figures 4A, B), is
reproduced when we analyzed two independent cohorts of Basal-
like BRCA tumors only, namely the TCGA cohort (TCGA via
Tanric tool, n=139; logrank p=0.042) and GEO derived cohort
GSE16446 (using basal-like samples only; n= 76; HR=0.23[0.08
−0.63]; logrank p = 0.0019) (Figures 5A, B). RFS/DMFS
(GSE16446; n= 76; HR = 0.27; [0.11 − 0.68]; logrank p = 0.0027)
were also significantly improved in LINC00460 over-expressed
BRCA basal-like samples (Figure 5C). Analysis with LINC00460
predicted an increased OS in the TNBC GEO derived cohort
GSE16446 (using all TNBC samples; n= 107; HR = 0.26; 95% CI
[0.09 − 0.72]; logrank p = 0.0053) (Figure 5D).

To further characterize LINC00460 association with
aggressive BRCA, we analyzed its expression in Lehman
refined triple negative breast cancer classification (TNBCtype4)
(Figure 6A). We observed a significant LINC00460 enrichment
in the Basal-like 2 (BL2) subtype (n= 135, Jonckheere-Terpstra
test for ordered variables; p=0.026) in a Chinese BRCA cohort
(GSE76250). LINC00460 high expression level is also able to
predict a favorable clinical response in BL2 triple negative BRCA
GEO cohorts, both in OS (n=28; logrank, p=0.0062; Figure 6B)
and RFS (n= 52; logrank, p=0.04; Figure 6C).

Altogether, these observations suggest that LINC00460
expression is generally related to intrinsically aggressive tumor
phenotypes, as shown for HNSC, LUSC, LUAD, KIRC and basal-
like BRCA (Figure 2 and Supplementary Figures S3, 4). These
findings are further corroborated when we showed that
LINC00460 is enriched in the TNBCtype4 BL2 subtype in an
independent cohort (Figure 6A). Interestingly, in aggressive
BRCA subtypes, high LINC00460 expression is able to predict
a favorable clinical course, further strengthening the dual role for
this lncRNA in OS and RFS prediction in cancer.

LINC00460 Potentially Regulate a Plethora
of Cancer-Related Genes in BRCA Involved
in Proliferation, Cell Cycle and Migration
In order to elucidate the intriguing role of LINC00460 in BRCA,
we aimed to identify potential LINC00460 expression targets.
Differential expression analysis was performed in TCGA BRCA
A B

DC

FIGURE 5 | The effect of improved OS, RFS and DMFS in the LINC00460-
high group is maintained in Basal type BRCA. (A) OS in the TCGA BRCA
Basal cohort; (B) OS in the GSE16446 BRCA Basal cohort; (C) RFS/DMFS in
the GSE16446 BRCA Basal cohort; (D) OS in the GEO TNBC cohort.
A B C

FIGURE 6 | LINC00460 is enriched in Basal-like 2 TNBC (TNBCtype4) and its expression can predict improved OS and RFS. (A) LINC00460 is significantly
enriched in BL2 TNBC; (B) LINC00460 over-expression in associated with increased OS and (C) RFS in BL2 TNBC. *p<0.05.
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samples between the LINC00460 high expression group and the
LINC00460 low-group (see methods for details). This approach
revealed 874 significantly deregulated transcripts (FC<1.5 and
<-1.5, p.adj value<0.01; Figure 7A). Of those, 73% (638 RNAs)
were up-regulated, and the remaining were found down-
regulated (27%; 236 transcripts) between groups. Among the
up-regulated RNAs, we identified several cancer-related
transcripts, such as HOXD13, CXCL1, CXCL5, FOXG1,
SERPINB4, CLDN6 and CLDN10 (see Table 2). Down-
regulated transcripts list includes EMX1, CYP2G1P, AMELX
Frontiers in Oncology | www.frontiersin.org 951 
and SOX5-AS1 (Table 3). Furthermore, Ingenuity Pathway
Analysis revealed that the proliferation process was negatively
enriched in the high LINC00460 group (z score= -0.513).
Cellular migration, adhesion, cell cycle progression and
proliferation were also enriched in these BRCA samples,
although no z-score enrichment was detected in these
pathways (see Figure 7B).

This data pinpoints the role of LINC00460 as a potential
regulator of transcripts and cellular cancer-related processes like
proliferation, migration and cell proliferation in BRCA.
A B

C

FIGURE 7 | LINC00460 potentially regulates WNT signaling pathway and the cytokine inflammatory response in BRCA. (A) 874 transcripts were significantly
deregulated after comparing LINC00460-high samples vs LINC00460-low samples; (B) Several cancer-related pathways, such as cell proliferation, cellular migration,
adhesion, cell cycle progression and carbohydrate metabolism are potentially altered in LINC00460-high BRCA samples; (C) ORA revealed LINC0460 involvement in
WNT signaling and cytokine inflammatory response among other pathways in BRCA samples.
TABLE 2 | LINC00460 high vs low up-regulated genes.

Gene symbol Gene name log2FC padj-value

ENSG00000130287 NCAN Neurocan 4.7 5.41E-50
ENSG00000103355 PRSS33 Serine Protease 33 3.7 1.22E-24
ENSG00000140522 RLBP1 Retinaldehyde binding protein 1 3.7 4.03E-27
ENSG00000275216 AL161431.1 3.7 8.28E-15
ENSG00000112238 PRDM13 PR Domain-containing protein 13 3.5 9.31E-17
ENSG00000177359 AC024940.2 3.4 2.06E-38
ENSG00000233532 LINC00460 3.4 1.00E-126
ENSG00000134760 DSG1 Desmoglein 1 3.4 4.23E-31
ENSG00000224887 AL513318.1 3.4 4.13E-16
ENSG00000166535 A2ML1 Alpha-2-Macroglobulin-Like 1 3.3 4.23E-31
ENSG00000206073 SERPINB4 Serpin Family B member 4 3.3 7.15E-15
ENSG00000181617 FDCSP Follicular dendritic cell secreted protein 3.2 3.44E-21
ENSG00000229921 KIF25-AS1 KIF25 antisense RNA 1 3.2 2.85E-24
ENSG00000163735 CXCL5 C-X-C motif chemokine ligand 5 3.2 8.62E-34
ENSG00000047936 ROS1 ROS proto-oncogene 1 3.2 8.15E-28
ENSG00000134873 CLDN10 Claudin 10 3.2 2.36E-39
ENSG00000128714 HOXD13 Homebox D13 3.0 7.62E-27
ENSG00000163739 CXCL1 C-X-C motif chemokine ligand 1 3.0 1.66E-36
ENSG00000184697 CLDN6 Claudin 6 2.9 1.62E-25
ENSG00000176165 FOXG1 Forkhead box G1 2.7 2.22E-13
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LINC00460 Expression Is Significantly
Correlated With the WNT Pathway and
Cytokine Inflammatory Response Genes
LINC00460 expression level is correlated with at least 100 coding
transcripts in BRCA (PCC>0.45, p<0.05; shown in Table 4).
Some of these transcripts are classic cancer-related, such as
WNT7A, SFRP5, FOSL1, IFNK, CSF2, DUSP7 and IL1A.
Overrepresentation Enrichment Analysis (ORA) showed that
WNT signaling pathway, cytokine inflammatory response,
fluoropyrimidine activity pathway and photodynamic therapy-
induced NF-kB survival signaling are enriched in LINC00460
over-expressed BRCA samples (Figure 7C). In addition, we
observed that 73% (61/84) of the BRCA Mexican cohort
samples displayed high levels of stromal TILs (see Table 1).
Frontiers in Oncology | www.frontiersin.org 1052 
Analyzing the LINC00460 co-expressed genes list, we observed
that similar genes had been previously identified as enriched in
Lehman’s TNBC subtypes (77) (Supplementary Table S3).
Altogether, these enrichment data suggests that LINC00460 is
potentially related with inflammatory pathways and might
partially explain its effect in good prognosis prediction in BRCA.

LINC00460 Is an In-Silico Predicted miR-
103-a-1 Sponge
LINC00460 has been described as a miRNA sponge lncRNA in
different tumors (38, 44, 60, 75). With this evidence in mind, we
aimed to further characterized its biological role in BRCA. We
used an in-silico approach to predict LINC00460 interaction with
novel miRNAs, using the miRcode tool (Table 4).

In the former section, we found that a group of mRNAs are
significantly correlated with LINC00460 levels (see Table 4). We
then reasoned that, if LINC00460 is acting as a miRNA sponge as
previously reported, then some of these correlated mRNAs may
be miRNAs targets as well. We used two in-silico tools to predict
mRNA-miRNA binding, namely miRcode and mirPATHDB. As
shown in Table 5, the 10 LINC00460 most correlated mRNAs
have potential miRNA interactants. Furthermore, we observed
that some of these mRNAs, such as WNT7A and KRTAP11-1,
can potentially bind to the same miRNA: miR-103-a-1 (Tables 5
and 6). These findings suggest a role for LINC00460 as a miR-
103-a-1 interactant and as a potential regulator of WNT7A and
KRTAP11-1 expression.

The LINC00460: WNT7A Ratio Is a
Composite Marker for Increased OS and
DMFS in Basal-Like BRCA and Can
Predict Anthracycline Response in
ER- BRCA Patients
To further demonstrate the role of LINC00460 in potential
regulation of WNT7A and its combined role in BRCA prognosis,
we computed the LINC00460:WNT7A ratio to construct an OS and
TABLE 3 | LINC00460 high vs low down-regulated genes.

Gene symbol Gene name log2FC padj-value

ENSG00000234398 AC134915.1 -1,5 0,00659454174
ENSG00000236532 LINC01695 -1,5 6,95E-09
ENSG00000137948 BRDT Bromodomain Testis associated -1,5 1,66E-07
ENSG00000238391 RNA5SP233 5S ribosomal pseudogene 233 -1,5 0,003359924242
ENSG00000275251 -1,5 0,004665490892
ENSG00000249691 AC026117.1 -1,5 0,003145246539
ENSG00000130612 CYP2G1P Cytochrome P450 family 2 subfamily G member 1, pseudogene -1,5 7,07E-07
ENSG00000125363 AMELX Amelogenin X-Linkes -1,5 0,005986652631
ENSG00000135638 EMX1 Empty spiracles homebox 1 -1,5 2,26E-07
ENSG00000256120 SOX5-AS1 GRIK1 antisense-RNA1 -1,5 0,009555483978
ENSG00000255155 AP004371.1 -1,6 1,77E-06
ENSG00000225795 AC006463.1 -1,6 0,004581123508
ENSG00000256612 CYP2B7P Cytochrome P450 family 2 subfamily B member 7 -1,6 2,64E-06
ENSG00000265595 MIR4756 -1,6 0,001510008292
ENSG00000186732 MPPED1 Metallophosphoesterase domain containing 1 -1,6 1,43E-08
ENSG00000248350 AC010265.1 -1,6 0,004980797457
ENSG00000139352 ASCL1 Achaete-scute family bHLH transcription factor 1 -1,6 3,46E-05
ENSG00000233420 AC002127.2 -1,6 0,001874852522
ENSG00000250223 LINC01216 -1,6 0,007490194855
Apri
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TABLE 4 | LINC00460 correlated genes.

Gene symbol Gene name PCC*

ENSG00000179046.8 TRIML2 Tipartite motif family like 2 0.61
ENSG00000175592.8 FOSL1 FOS like 1, AP-1 transcription

factor subunit
0.6

ENSG00000115008.5 IL1A Interleukin 1 alpha 0.57
ENSG00000163915.7 IGF2BP2-AS1 0.56
ENSG00000164400.5 CSF2 Colony stimulating factor 2 0.55
ENSG00000240476.1 LINC00973 0.55
ENSG00000147896.3 IFNK Interferon kappa 0.54
ENSG00000154764.5 WNT7A Wnt family member 7A 0.54
ENSG00000261780.2 CTD-2354A18.1 0.53
ENSG00000254403.1 OR10Y1P Olfactory receptor family 10

subfamily Y member 1
pseudogene

0.53

ENSG00000158825.5 CDA Cytidine deaminase 0.53
ENSG00000104327.7 CALB1 Calbindin 1 0.51
ENSG00000203783.4 PRR9 Proline rich 9 0.51
ENSG00000176797.3 DEFB103A Defensin beta 103A 0.48
ENSG00000182591.5 KRTAP11-1 Keratin associated protein 11-

1
0.48
*PCC, Pearson correlation coefficient.
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DMFS models for Basal-like BRCA. As shown in Figure 8, the
LINC00460:WNT7A ratio is able to predict an increased OS
(n=153, logrank p=0.028) and DMFS (n=145, logrank p=0.0057)
in Basal-like BRCA, using GEO cohorts. In contrast, analysis with
LINC00460:KRTAP11-1 ratio did not retrieve any significant
survival effect (data not shown). Survival analysis using the
mature sequence of miR-103-a-1 (hsa-miR-103a), showed a
marginal, non-significant association between overexpression of
the of miR-103-a-1 and decreased survival in TCGA TNBC
cohort (n=97, logrank p=0.059; Supplementary Figure S7).

Taken together, these data show that the expression ratio of two
genes, LINC00460:WNT7A is a composite marker that accurately
predicts Basal-like BRCA OS and DMFS. Furthermore, we
identified that the combination of LINC00460 and WNT7A over-
expression is significantly associated with pathological complete
response (pCR) after anthracycline therapy in ER- BRCA patients
(n= 665, Mann-Whitney U test p= 0.0047) (Figure 8C). These
evidences clearly indicate that both transcripts exert a central and
beneficial role to basal-like, ER- BRCA patients.
DISCUSSION

Long non-coding RNAs exert numerous roles in human cancers,
as their biological activities involve regulation of cell
Frontiers in Oncology | www.frontiersin.org 1153 
proliferation, cell death, differentiation, migration, invasion
and metastasis. Deregulation in lncRNAs expression has also
been associated with clinical outcome. LncRNAs can affect
expression of thousands of genes, so they are regarded as key
master regulators (78).

In this work, our aim was to investigate if LINC00460
expression was deregulated in different tumors, and if it was
associated with clinical and pathological characteristics in these
tumors. We then focused on its clinical role in aggressive (basal-
like) breast cancer and the identification of potential LINC00460
targets in this model. We aimed to know if LINC00460 can target
miRNAS in-silico, which can in turn bind to relevant mRNAs.
Finally, we sought to investigate if some of the potential
candidate genes would have a combinatorial role for OS and
therapy response in basal-like BRCA.

We found that LINC00460 was deregulated in seven different
tumor types in the TCGA database, including two not previously
reported tumors, namely LGG and GBM. We have also
confirmed LINC00460 deregulation in BRCA using two
independent cohorts. Interestingly, LINC00460 expression is
associated with clinically aggressive tumors, such advanced
stage LUAD, LUSC and KIRC, high histology grade in KIRC,
HPV-negative HNSC and basal-like BRCA, suggesting an
important role of LINC00460 in the progression or
intrinsically aggressiveness of these tumors. Indeed, it has been
previously shown that LINC00460 expression can promote
cancer progression (34, 35, 38, 50), metastasis (36) and
influences therapy response (79).

Several reports show that LINC00460 is a marker for poor
OS prognosis across different tumors, such as CESC (48),
HNSC (80), KIRC (81), LUAD (49) and PAAD (82). In
addition, we describe here that LINC00460 high expression is
significantly associated with poor survival in three different
tumors (GBM, LGG and SARC) but related with a favorable
survival rate in BRCA, i.e., its association to clinical outcome
varies between tumors. This data suggests that the expression
levels and its impact on OS, RFS or DMFS may be tissue-
specific. Indeed, it has previously been shown that the same
lncRNA may exert dual prognostic roles in distinct tumors. For
example, high MALAT-1 expression has been reported as a
marker for poor prognosis in various tumors, including COAD,
NSCLC, STAD, PAAD, ESCA, among others (83), but also as a
good prognosis factor for BRCA, acting as a metastasis
suppressor (84). Another interesting example of this dual
phenomenon is the expression of XIST. It has been shown
that high expression of this lncRNA is related to poor clinical
outcome in different cancers (85), but in another study, authors
demonstrate that high XIST expression is related to an
increased brain metastasis–free survival in BRCA patients (6).
We suggest that LINC00460 can perform as a dual tissue-
specific prognostic marker, similar to MALAT-1 and XIST;
although we cannot discard alternative mechanisms, such as
differences in the splicing variants measured between studies.
These variant transcripts expression patterns should be taken
into account to evaluate lncRNA-based predictive biomarkers
(86). This latter possibility must be addressed in future studies.
TABLE 6 | Predicted miRNAs that are potentially interacting with LINC00460
and some coexpressed mRNAs.

miRNA mRNA PCC (mRNA vs LINC00460)

miR-133a-3p TRIML2 0.61
miR-130a FOSL1 0.6
miR-544b CSF2 0.55
miR-216b IFNK 0.54
miR-103a-1 WNT7A 0.54
miR-34a CDA 0.53
miR-140-5p CALB1 0.51
miR-124-1 DEFB103A 0.48
miR-103a-1 KRTAP11-1 0.48
miR-455-5p FERMT1 0.47
TABLE 5 | Matching sites and predicted miRNAs interacting with LINC00460.

microRNA family Seed position Seed type

miR-503 chr13:107029280 7-mer-m8
miR-143/1721/4770 chr13:107028970 7-mer-m8
miR-150/5127 chr13:107029727 7-mer-m8
miR-1ab/206/613 chr13:107030346 7-mer-A1
miR-200bc/429/548a chr13:107029706 7-mer-A1
miR-221/222/222ab/1928 chr13:107029417 7-mer-A1
miR-23abc/23b-3p chr13:107029820 7-mer-A1
miR-24/24ab/24-3p chr13:107029217 7-mer-A1
miR-24/24ab/24-3p chr13:107029855 7-mer-A1
miR-24/24ab/24-3p chr13:107029953 8-mer
miR-103a/107/107ab chr13:107030479 8-mer
miR-338/338-3p chr13:107029282 7-mer-A1
miR-338/338-3p chr13:107029426 7-mer-A1
miR-425/425-5p/489 chr13:107029977 7-mer-A1
miR-129-5p/129ab-5p chr13:107030286 7-mer-A1
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In the BRCA model, LINC00460 expression is associated with
the phenotypic makeup of the tumor, where overexpression of
LINC00460 is associated with a negative result to hormone
receptors (ER and PR) when subject to IHC. It was also observed
that in the most aggressive phenotype, basal-like BRCA, it actually
favored the clinical outcome (Figure 6), even when being subject to
analysis in the different TNBC subtypes. Its similar behavior
through different BRCA subtypes and BRCA different cohorts,
led us to propose LINC00460 as a potential biomarker for
improved OS, RFS and conceivably DMFS prediction in basal-
like BRCA (Figures 4–6). This behavior can potentially be
explained through the candidate co-expressed genes found in the
differential expression analyses and ORA (Figure 7). We propose
five main mechanisms that potentially explain the role of
LINC00460 in the increased prognosis of BRCA patients: (1)
regulation/co-expression of good prognosis-related genes, (2) co-
expression/modulation of genes that promote an immunogenic
niche, (3) decrease of tumor cell proliferation, (4) regulation of
WNT7A through sponging of miR-103-a-1 and (5) promoting
chemotherapy (anthracycline) complete pathologic response. As
the majority of these interactions are in-silico predicted, or
associated with clinical features in patient-based cohorts,
experimental validation is needed to support these hypotheses.

In this regard, we observed that the LINC00460 expression is
significantly enriched in the BL2 TNBC subtype. This finding is
of particular interest, since the BL2 subtype displays a variety of
Frontiers in Oncology | www.frontiersin.org 1254 
gene ontologies enriched in components and pathways involved
in cell proliferation, growth, survival and cell differentiation
pathways, such as the WNT pathway (77). In accordance, we
identified important members of the WNT pathway, such as
WNT7A, as being potentially regulated by LINC00460 (see
Figure 7C and the discussion below). These data strengthen
the role of LINC00460 in BL2 TNBC, and further clarify its
mechanism of action in these tumors.

We detected that some of the LINC00460 co-expressed genes,
such as SFRP5, HOXD13, are also related to increased survival
rate in different tumors. High expression of SFRP5 is significantly
associated with a better prognosis in PAAD (87) and BRCA (88).
HOXD13 protein levels are related to an increased OS in BRCA
(89). Thus, this LINC00460 candidate target genes potentially
contribute to the increased survival effect observed in
BRCA patients.

On the other hand, we found that several LINC00460 co-
expressed genes (TRIML2, SFRP5, FOSL1, IFNK, CSF2, DUSP7,
DEFB103A and IL1AA) are immunogenic-related. Immune
response pathways are clinically relevant, as it has been previously
described that a highly immunogenic niche in a tumormay improve
the outcome of the disease (90). These genes and pathways are
frequently enriched in TNBC (77, 91). Furthermore, TNBC also
display enrichment of tumor-infiltrating lymphocytes (TILs) (92).
We suggest that LINC00460 is related with good prognosis in
TNBC/basal-like due to its potential relation with these genes and
A B
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FIGURE 8 | The composite marker LINC00460:WNT7A is predicts an increased OS and RFS in basal-like BRCA and its median is associated with a
complete pathological response to chemotherapy in ER- BRCA patients. (A) LINC00460:WNT7A ratio predicts a significantly improved OS and (B) RFS in
basal-like BRCA; (C) LINC00460 and WNT7A combined expression is significantly associated with pCR after anthracycline-based therapy
in ER- patients. **p<0.005.
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with the presence of tumor-infiltrating lymphocytes (TILs), as
shown in our samples (see Table 1). It has been previously
shown that the presence of TILs improves prognosis as it
modulates cancer progression and enhances chemotherapy
response in TNBC, conferring a protective immunity in these
patients (93).

Therefore, we suggest that the correlation between these
immunogenic genes and LINC00460 can partially explain the
clinical behavior in the breast cancer cohorts, as the
overexpression of LINC00460 is associated with upregulation
of immunogenic factors that in turn, permit the migration of
components of the immune system. These mechanisms can
promote an immunogenic tumor environment and thus favor
tumor cell death. Future studies are needed to experimentally
validate these data, as it is relevant for clinical outcome in
aggressive TNBC.

In addition to promoting the immunogenic niche,
LINC00460 could decrease proliferation of the tumor cells, as
we observed that the proliferation pathway is negatively enriched
in the high LINC00460 group in BRCA samples. This could also
explain the increased survival rates of the BRCA patients. Indeed,
multiple lines of evidence suggest that LINC00460 can modulate
cell proliferation, cell death, migration and invasion and EMT,
through its sponging activity and targeting various key
transcripts in several cancer types (31, 37, 43, 94–96).

We predicted that LINC00460 potentially binds to miR-
103-a-1 in-silico, which, in turn, can target WNT7A. In this
regard, although there have been reports that suggest that
WNT7A is an oncoprotein (97), it has also been shown that
loss of WNT7A expression is significantly associated with
poor RFS in BRCA (98) and it is also involved in tumor cell
differentiation (99). Thus, the exact role of WNT7A in BRCA
is currently unclear. Our results might suggest that WNT7A
potentially play an important clinical role in the BRCA, as
LINC00460 could sponge miR-103-a-1 and henceforth,
liberate WNT7A. Further research must validate these
predictions experimentally.

We observed that the LINC00460:WNT7A ratio is a
composite marker that can predict a favorable OS and DMFS
in TNBC. These results highlight the clinical and biological role
of LINC00460 andWNT7A transcripts in TNBC and constitute
valuable data, as simple ratios of gene expression levels can be
used to accurately diagnose (100) and predict cancer outcomes
(101, 102), while circumventing many of the limitations that
preclude the use of microarray techniques in extensive clinical
applications (103, 104). In accordance with our observations
regarding immunogenic factor potential upregulation and
previous findings in the field (92, 93, 105), we have also
identified a significant association between the expression
enrichment of LINC00460 and WNT7A with anthracycline
responsive ER- patients. This finding further strengthens the
beneficial role of both transcripts in patient’s prediction and
prognosis as, it has been demonstrated that ER-negative breast
cancers with high levels of TILs have heightened sensitivity to
anthracycline-based chemotherapy (106), and that TILs are an
independent predictor of good response to anthracycline/
Frontiers in Oncology | www.frontiersin.org 1355 
taxane neoadjuvant chemotherapy (105) . All these
observations, however, are limited by the size of GEO patient
coho r t s and w i l l r equ i r e va l i d a t i on in a l a r g e r
independent cohort.

Regarding the role of miR-103-a-1, we identified a marginal
association with poor OS in BRCA. This is in accordance with
previous findings, as it has been shown that miR-103-a-1 acts as
an oncogene to promote TNBC cells migration and invasion
(107). In another report, authors show that serum miR-103
over-expression was significantly correlated with worse clinical
factors, as well as poorer recurrence-free survival or overall
survival in colorectal cancer (108). MiR-103/107 expression
displays stemness-promoting functions, and a signature of
miR-103/107 high and Axin2 low expression profile correlates
with poor prognosis in colorectal cancer patients (109). In
gastric cancer patients, high expression of miR-103 was
significantly associated with poor overall survival and disease-
free survival and is a key factor that contributes to tumor
progression (110). Altogether, these data suggest that of miR-
103-a-1 is a marker for poor prognosis in several tumors,
including BRCA. To the best of our knowledge, this is the
first report that suggests a potential connection between
LINC00460, WNT7A and miR-103-a-1. Future research must
elucidate the exact mechanisms involved in this potential 3-
gene network, and its impact in basal-like BRCA biology.

In conclusion, LINC00460 expression is a dual potential
marker for aggressive phenotypes and poor clinical outcome in
distinct tumors, including HNSC, KIRC LUSC and LUAD, that
is also associated with increased prognosis in basal-like BRCA.
LINC00460 is enriched in BL2 TNBC, and potentially regulates
the WNT differentiation pathway. LINC00460 can also modulate
a plethora of immunogenic related genes in BRCA, such as
SFRP5, FOSL1, IFNK, CSF2, DUSP7 and IL1A and interacts with
miR-103-a-1, in-silico, which, in turn, can no longer target
WNT7A. LINC00460:WNT7A ratio is a composite marker that
can predict a favorable OS and DMFS in TNBC, and
combination of LINC00460 and WNT7A over-expression is
associated with complete pathological response (pCR) after
anthracycline therapy in ER- BRCA patients. This data
confirms that LINC00460 is a master regulator in BRCA
molecular circuits and influences clinical outcome.
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A lncRNA landscape in breast 
cancer reveals a potential role 
for AC009283.1 in proliferation 
and apoptosis in HER2‑enriched 
subtype
Alberto Cedro‑Tanda  1,3, Magdalena Ríos‑Romero1,6, Sandra Romero‑Córdoba 
1,5, Mireya Cisneros‑Villanueva1, Rosa Gloria Rebollar‑Vega4, Luis Alberto Alfaro‑Ruiz1, 
Silvia Jiménez‑Morales1, Carlos Domínguez‑Reyes2, Felipe Villegas‑Carlos2, 
Alberto Tenorio‑Torres2, Veronica Bautista‑Piña2, Fredy Omar Beltrán‑Anaya  1,3 & 
Alfredo Hidalgo‑Miranda  1*

Breast cancer is the most commonly diagnosed neoplasm in women worldwide with a well-recognized 
heterogeneous pathology, classified into four molecular subtypes: Luminal A, Luminal B, HER2-
enriched and Basal-like, each one with different biological and clinical characteristics. Long non-
coding RNAs (lncRNAs) represent 33% of the human transcriptome and play critical roles in breast 
carcinogenesis, but most of their functions are still unknown. Therefore, cancer research could benefit 
from continued exploration into the biology of lncRNAs in this neoplasm. We characterized lncRNA 
expression portraits in 74 breast tumors belonging to the four molecular subtypes using transcriptome 
microarrays. To infer the biological role of the deregulated lncRNAs in the molecular subtypes, we 
performed co-expression analysis of lncRNA–mRNA and gene ontology analysis. We identified 307 
deregulated lncRNAs in tumor compared to normal tissue and 354 deregulated lncRNAs among 
the different molecular subtypes. Through co-expression analysis between lncRNAs and protein-
coding genes, along with gene enrichment analysis, we inferred the potential function of the most 
deregulated lncRNAs in each molecular subtype, and independently validated our results taking 
advantage of TCGA data. Overexpression of the AC009283.1 was observed in the HER2-enriched 
subtype and it is localized in an amplification zone at chromosome 17q12, suggesting it to be a 
potential tumorigenic lncRNA. The functional role of lncRNA AC009283.1 was examined through 
loss of function assays in vitro and determining its impact on global gene expression. These studies 
revealed that AC009283.1 regulates genes involved in proliferation, cell cycle and apoptosis in a HER2 
cellular model. We further confirmed these findings through ssGSEA and CEMITool analysis in an 
independent HER2-amplified breast cancer cohort. Our findings suggest a wide range of biological 
functions for lncRNAs in each breast cancer molecular subtype and provide a basis for their biological 
and functional study, as was conducted for AC009283.1, showing it to be a potential regulator of 
proliferation and apoptosis in the HER2-enriched subtype.
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Breast cancer (BRCA) is one of the most common tumors in women around the world. Incidence of this disease 
is increasing, particularly in countries with emerging economies. In Mexico, BRCA affects about 27,830 women 
and represents the first cause of cancer related deaths, with approximately 6,884 deaths per year1. BRCA is a 
complex and heterogeneous disease. In the clinical setting, breast tumors are classified into clinically relevant 
groups based on the expression of three main immunohistochemical (IHC) markers: estrogen and progesterone 
receptors and (Human Epidermal Growth Factor Receptor 2) HER2,triple negative tumors are defined by the 
absence of the expression of these markers2.

Breast tumors can be further subdivided based on messenger RNA (mRNA) expression signatures. One of 
these, the intrinsic breast tumor signature, identifies sub-groups based on the expression of 50 genes (the PAM50 
signature): Luminal A, Luminal B, HER2-enriched, and Basal-like tumors3,4. More importantly, each of these 
tumor-subtypes has been associated with particular biological and clinical behaviors. Compared to luminal sub-
types, Basal-like and HER2-enriched subtypes present worse five-year prognosis, and the HER2-enriched subtype 
has the worst relapse-free survival5. Several lines of evidence indicate that the most representative breast tumor 
subtype phenotypes identified by mRNA intrinsic signatures reflect not only the alteration of mRNA expression 
levels, but also the genetic and epigenetic alterations that contribute to the establishment and maintenance of 
different cancer pathways6.

Most of the transcriptional differences between breast tumor subtypes focus on mRNA expression analysis. 
However, coding transcripts only represent around 39% of the human transcriptome, the rest are non-coding 
RNAs, which can be divided into two classes: small non-coding RNAs (less than 200 nucleotides, this category 
includes microRNAs) and long non-coding RNAs (lncRNAs), with more than 200 nucleotides7.

LncRNAs have several important biological roles, regulating gene expression at the epigenetic, transcriptional 
and post-transcriptional levels, and their deregulation has been associated with cancer8. In BRCA, lncRNAs are 
emerging as master regulators in tumor biology, and have oncogenic and tumor suppressor functions related to 
initiation and cancer progression, some examples are HOTAIR, MALAT-1, lincRNAp21, and GAS5. Deregula-
tion of these lncRNAs is associated with biological functions such as invasion, proliferation, apoptosis, cell cycle, 
and clinical features such as survival, progression and risk of metastasis9,10.

Analyses of lncRNA expression patterns in BRCA have identified differences between tumor groups defined 
by IHC markers, including HER2 positive11 and triple-negative tumors12. Other studies have evaluated the aber-
rant expression of lncRNAs in gene expression-based tumor subtypes, identifying specific lncRNA expression 
patterns for each subtype13,14. Nevertheless, there is still little information about the biological roles of specific 
differentially expressed lncRNAs in each tumor molecular subtype, particularly in those with worse prognosis, 
such as HER2-enriched.

The aim of the present study was to explore the transcriptional lncRNA landscape across the four molecular 
subtypes in 74 Mexican breast tumors. We further validated altered lncRNA expression in the Cancer Genome 
Atlas (TCGA) cohort. We identified aberrantly expressed lncRNAs in each BRCA molecular subtype, and then 
selected a group of lncRNAs with exclusive deregulation in each subtype and inferred their potential biological 
relevance through in silico analysis. Focusing on the HER2-enriched subtype, which has the worst relapse-
free and overall survival rates, we identified AC009283.1 as the most up-regulated lncRNA, with a previously 
unknown biological role. Knockdown of AC009283.1 showed reduced cell proliferation, promoted S phase 
arrest, and enhanced apoptosis in SKBR3 cells (HER2-enriched). These biological processes were also enriched 
in HER2-enriched breast cancer tumors with high AC009283.1 expression levels, suggesting that AC009283.1 
plays a role in promoting HER2-enriched tumors. The influence of lncRNAs on deregulated pathways in different 
breast tumor subtypes is relevant and supports the need for new approaches to understand the biology of BRCA.

Results
lncRNA expression is deregulated in breast cancer.  The transcriptional portrait among tumors and 
adjacent tissues revealed 307 differentially expressed lncRNAs (27 up-regulated and 280 down-regulated) (fold 
change > 2.0 and < − 2.0 and FDR < 0.05) (Supplementary data 1.1). Hierarchical clustering analysis based on 
differentially expressed lncRNAs was able to optimally discriminate tumor breast tissues from normal adjacent 
samples, as shown in the heat map (Fig. 1A). The altered lncRNAs were classified into ncRNA categories as fol-
lows: lincRNAs (45.6%), antisense (27.36%), sense-intronic (20.52%), sense-overlapping (5.86%) and 3′-overlap-
ping (0.65%) (Fig. 1B).

Several differentially expressed lncRNAs identified in our study have been previously reported to be related 
to BRCA, such as HOTAIR, HOTAIRM1, XIST, PANDAR, EPB41L4A-AS1, BC040587, FGF14-AS2, DSCAM-
AS1, LINC00472, MIR31HG and FAM83H-AS1 (Supplementary data 1.2).

A set of differentially expressed lncRNAs was independently validated using whole transcriptome RNA-seq 
analysis data from TCGA. Some of the lncRNAs described as altered in our profile did not significantly change 
in the TCGA dataset while others were not detected by the sequencing experiment (Supplementary data 1.3).

Molecular subtypes are associated with distinct clinical outcomes.  A total of 74 breast tumor sam-
ples and 12 adjacent tissue samples were included in the PAM50 intrinsic subtype analysis. Incidence of PAM50 
subtypes were reported as follows: 32.4% Luminal A (n = 24), 31.1% Luminal B (n = 23), 18.9% HER2-enriched 
(n = 14), and 17.6% Basal-like (n = 13) subtypes. Clinical behavior differs among the molecular subtypes. For 
instance, in our in-home profiled cohort, the HER2-enriched subtype showed the highest rate of metastasis 
(log-rank p = 0.034). Similarly, lower overall-survival was observed in the METABRIC data set (n = 1,463) (95% 
CI [1.417–2.368] Cox p-value = 2.08E−10) as well as in the TCGA data set (n = 743) (95% CI [0.97–4.01] Cox 
p-value = 2.19E−7) (Supplementary Figure 1). Clinical and pathological features of our cohort are summarized 
in Supplementary Table 1.
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Expression profile of lncRNAs in breast cancer subtypes.  To understand the biology of the intrinsic 
breast cancer subtypes, we explored the transcriptional landscape of the lncRNAs along the PAM50 subtypes. 
354 differentially expressed lncRNAs were identified. In Luminal A tumors, we observed 47 altered lncRNAs, 
16 in Luminal B, 10 in HER2-enriched, and 281 in Basal-like (Fig. 1C) (Supplementary data 2.1). TCGA data 
showed a similar proportion of lncRNAs deregulated in each molecular subtype (Fig. 1D) (Supplementary data 
2.2). Figure 1E shows the expression of the top deregulated lncRNAs (5 up-regulated and 5 down-regulated) in 
Basal, Luminal A, Luminal B, and eight up-regulated in HER2-enriched tumors in our cohort.
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Figure 1.   (A) Supervised hierarchical cluster analysis of the expression of the 307 lncRNAs deregulated in 
breast tumor (blue) and normal tissue (red). (B) Classification of lncRNAs deregulated between tumor and 
adjacent tissues, grouped based on their genomic localization by intersection with protein-coding genes. (C) 
lncRNAs deregulated across molecular subtypes in the Mexican cohort (fold change > 1.5, < − 1.5, FDR < 0.05) 
and (D) in the TCGA project (Fold change log 1.0. adj. p-value < 0.05). (E) Top ten lncRNAs deregulated across 
molecular subtypes in the Mexican cohort. Basal-like in red, Her2-enriched in purple, Luminal A in blue and 
Luminal B in cyan. Each column represents a sample and each row a lncRNA.
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lncRNA expression portraits in Luminal A tumors.  In our cohort, we identified 47 lncRNAs differen-
tially-expressed in the Luminal A subtype (43 up-regulated and 4 down-regulated) (Supplementary data 2.1). 
To define robust altered lncRNAs, we examined the TCGA cohort. Four lncRNAs were commonly up-regulated 
in Mexican and TCGA cohorts: LINC00504, LINC00993, MIR205HG and PCAT18. To get insight into their 
biological role as transcriptional regulators we investigated co-expression lncRNA–mRNA patterns of these four 
lncRNAs. 340 mRNAs were significantly correlated with LINC00504, LINC00993, MIR205HG and PCAT18 in 
both cohorts (R > 0.3 p-value < 0.05) (Supplementary data 3.1). Gene ontology (GO) analysis of the correlated 
mRNAs identified positive regulation of DNA-templated transcription in response to stress, microtubule-based 
movement and processes related to ciliary docking and organization (Fig. 2A).

lncRNA expression portraits in Luminal B tumors.  We identified 16 deregulated lncRNAs in the 
Luminal B subtype in our cohort (8 up-regulated and 8 down-regulated) (Supplementary data 2.1). Up-regula-
tion of LINC01087, RP11-379F12.4 and GATA3-AS1 was validated in the TCGA data set. Correlation analysis 
of the altered lncRNA and mRNAs, detected 70 mRNAs co-expressed in both cohorts (Supplementary data 
3.2). According to GO analysis, the correlated genes participate in the regulation of histone H3-K14 acetylation 
and lymphoid progenitor cell differentiation (Fig. 2B). Moreover, in the TCGA cohort, the over-expression of 
these lncRNAs (LINC01087, RP11-379F12.4) was significantly associated with increased survival rates (log-rank 
test < 0.05), compared with tumors with low expression levels (Supplementary figure 2).

lncRNA expression portraits in basal‑like tumors.  The basal-like subtype showed the highest num-
ber of differentially expressed lncRNAs, with 161 up-regulated and 120 down-regulated transcripts in our 
cohort (Supplementary data 2.1). Regarding the up-regulated lncRNAs, only a low number of them have been 
previously implicated in cancer, such as the up-regulated CASC15, LINC00662, LINC01272, LINC00857, 
LINC00092, LINC00673 and the down-regulated LINC00657, LINC01087 and LINC00993. LncRNAs U62317.1 
and U62317.2 are adjacent lncRNAs localized in chromosome 22q13.33, and both are up-regulated in our sam-
ples and in the TCGA cohort. U62317.1 and U62317.2 expression was correlated with 419 mRNAs in both 
cohorts (Supplementary data 3.3). GO analysis showed that these mRNAs are implicated in positive regula-

Figure 2.   Gene ontology (GO) analysis of lncRNAs up-regulated in our cohort and TCGA. GO was 
performed using mRNAs that correlate with lncRNAs in each subtype using ClueGo in Cytoscape with PValue 
Corrected < 0.05.
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tion of JNK cascade, activation of cysteine-type endopeptidase involved in apoptotic process, positive regu-
lation of NF-kappaB, ERK1 (MAPK3) and ERK2 (MAPK1), and positive regulation of T cell differentiation 
(Fig.  2C). High expression of U62317.2 was associated with higher OS in patients with basal subtype (log-
rank p-value = 0.04378) (Supplementary Figure 3). Moreover, another five lncRNAs were common between our 
cohort and TCGA: LINC02095, LINC01436, VIM-AS1, LINC01819 and AFAP1-AS1. Co-expression analysis 
revealed 103 correlated mRNAs in both cohorts (Supplementary data 3.3), which are associated with the activa-
tion of MAPKKK and positive regulation of cell proliferation and differentiation (Fig. 2D).

lncRNA expression portraits in HER2‑enriched tumors.  We detected 8 novel up-regulated lncR-
NAs in the HER2-enriched subtype, not reported previously in BRCA (Supplementary data 2.1). Two of them 
(AC116021 y LINC00672) are up-regulated in both cohorts (our study and TCGA), and their expression is 
correlated with 90 mRNAs in both cohorts (Supplementary data 3.4). Gene ontology analysis revealed their 
involvement in the positive regulation of RNA Pol II transcription, response to endoplasmic reticulum stress, 
positive regulation of VEGF production, positive regulation of monocyte chemotaxis, histone monoubiquitina-
tion, negative regulation of anoikis, among other processes (Fig. 2E).

As described above, HER2-enriched breast cancer patients showed a significantly decreased global survival 
rate, both in TCGA and METABRIC cohorts. Therefore, we endeavored to characterize altered lncRNAs in this 
molecular subtype. Interestingly, AC009283.1 presented the highest expression level in HER2-enriched tumors 
compared with other BRCA intrinsic molecular subtypes, in both analyzed datasets (Mexican cohort: FC 4.02, 
p value < 0.0001, TCGA: FC 2.46 and p-value < 0.0001) (Fig. 3A), without any previous functional report (Sup-
plementary data 2.1). Therefore, AC009283.1 was selected for further in vitro evaluation.

AC009283.1 is up‑regulated and amplified in HER2‑enriched tumors.  AC009283.1 is an inter-
genic lncRNA localized in chr17:39,566,915–39,567,559 (GRCh38/hg38) annotated in the ENSEMBL database 
as ENSG00000273576. Some alternative names have been reported in other databases such as HSALNG0116248, 
NONHSAG021701, lnc-CDK12-1 and RP11-390P24.1. The Coding potential (CP) of AC009283.1 is 0.113, 
according to the Coding Potential Calculator, similar to other well-known lncRNAs, such as HOTAIR, MALAT-1 
and PANDAR (CPs: 0.09, 0.1295 and 0.058, respectively).

AC009283.1 is significantly up-regulated in the HER2-enriched subtype in our Mexican cohort, with a fold 
change of 4.02 (microarray analysis; p-value < 0.0001) (Supplementary data 2.1). Independent validation with 
TCGA data showed an increased expression in HER2 enriched tumors (RNA-Seq analysis; foldchange 2.46 and 
p-value < 0.0001) (Fig. 3A). Breast cancer genomic analysis revealed that AC009283.1 maps close to the HER2 
gene and is frequently co-amplified within the core region of the HER2-amplicon (17q12) (Fig. 3B). Dedicated 
copy number alteration analysis on TCGA HER2-amplified tumors have demonstrated that the amplicon can 
span over other neighboring regions on 12q-21.3, where a number of protein-coding and non-coding genes are 
encoded and consequently amplified (Fig. 3B). The expression levels of AC009283.1 were significantly correlated 
with HER2 copy number alterations evaluated through the Genomic Identification of Significant Targets in 
Cancer (GISTIC) from TCGA data (Fig. 3C). Overall, these data suggest that AC009283.1 is a relevant feature 
in HER2-enriched breast cancer programs. Thus, to investigate whether the altered expression of AC009283.1 
affects HER2-enriched tumor biology, we studied its in-vitro activity in a HER2-enriched cell line model.

Expression of AC009283.1 was evaluated in a panel of BRCA cell lines, identifying SKBR3 cell line as a poten-
tial biological model for further analysis. SKBR3 cells over-expressing AC009283.1, carry a 17q12 amplification, 
and according to PAM50 subtypes represents a HER2-enriched subtype (Supplementary Figure 4). To infer the 
regulatory role of the lncRNA in cancer programs, its subcellular localization was evaluated. Overall, AC009283.1 
was preferentially located within the nucleus, which may suggest its predominant function as a regulator of 
protein-coding gene expression through transcriptional and epigenetic mechanisms (Supplementary Figure 5).

Knockdown of AC009283.1 alters the transcriptional profile of HER2‑enriched breast cancer 
cells.  To explore AC009283.1 function in the HER2-enriched BRCA subtype, we inhibited its expression 
using two shRNA sequences (shRNA1 and shRNA2). Both sequences target a common exon in 10 of 14 isoforms 
reported for AC009283.1. 96 h post-transfection, the most relevant reduction of AC009283.1 expression level 
(70% vs negative control) was achieved with shRNA2, thus this shRNA sequence was used for further experi-
ments (Fig. 4A).

Since lncRNAs are capable of regulating genes located nearby (cis) or in distant genomic regions (trans), we 
used a high-throughput microarray approach to evaluate transcriptome alterations after AC009283.1 shRNA-
mediated knockdown, comparing with shRNA negative control, in SKBR3 cells. 158 genes were differentially 
expressed among the experimental conditions and distributed throughout the genome (> 1.2, < − 1.2-fold) 
(ANOVA p-value < 0.05) (Fig. 4B,C). Genes such as CASCA4, NOCTH3, TNFa, FOSB, BLC2A1, DNML1, and 
KLF6 were deregulated in AC009283.1 knockdown cells (Supplementary data 4.1). To further to explore the 
effect of inhibiting AC009283.1 in biological processes, we performed a pathway enrichment analysis of the 
differentially expressed genes, showing proliferation and apoptosis as significantly affected pathways (Fig. 4D). 
Other oncogenic pathways were also altered, such as oxidative phosphorylation, mitochondrial dysfunction, 
p38 MAPK Signaling, PI3K/AKT signaling, among others (Supplementary Figure 5). Interestingly, prolifera-
tion, apoptosis and cell cycle were also observed in HER2-enriched tumors from patients in TCGA containing 
up-regulated AC009283.1 (upper vs lower quartile) (Fig. 4E) (Supplementary data 4.2). These results suggest 
that AC009283.1 plays a role in biological processes by regulating gene expression of important genes related 
with carcinogenic pathways.
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Figure 3.   (A) AC009283.1 expression across different molecular subtypes in the Mexican cohort (n = 74; 
microarray data) and TCGA/TANRIC cohort (n = 853; RNA-Seq data). (B) Map of amplicon 17q12 with 
mRNAs and lncRNAs. (C) Correlation analysis between expression and copy-number value of AC009283.1 in 
HER2-enriched from TCGA data.
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AC009283.1 knockdown inhibits proliferation and induces apoptosis in HER2‑enriched breast 
cancer cells.  To validate the pathway analysis, we performed cell proliferation and apoptosis assays in vitro. 
Automated cell counting showed that knockdown of AC009283.1 attenuated cell proliferation compared with 
the control group (NC) in the SKBR3 cell line. Significantly lower cell numbers are observed from the second 
day after transfection (Fig. 5A). To confirm this result, proliferation rates were evaluated by flow cytometry. The 
proliferation index on the fourth day after transfection was significantly decreased (6.01 vs 10.68 in negative 

Figure 4.   (A) Real-time qPCR illustrating gene silencing by shRNA against AC009283.1 in SKBR3, a HER2-
enriched cell line model. (B) Supervised hierarchical cluster analysis shows 158 differentially expressed genes 
after AC009283.1 knockdown (Foldchange < − 1.2, > 1.2 p-value < 0.05); we observed 94 up-regulated and 64 
down-regulated genes in shRNA-2 vs NC and (C). Their distribution across the genome. (D) Ingenuity Pathway 
Analysis of 158 genes differentially expressed after knockdown of AC009283.1 in SKBR3 cells. (E) Enrichment 
pathway analysis of genes differently expressed in samples of HER2-enriched tumors from TCGA with high vs 
low expression of AC009283.1.
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control cells) in SKBR3 cells with reduced AC009283.1 (Fig. 5B). A representative graph of the decreased prolif-
eration rates observed with CFSE assay in AC009283.1 knockdown cells is represented in Fig. 5C. To understand 
how cell proliferation is controlled by AC009283.1, we performed a cell cycle assay after four days post-trans-
fection with shRNA2 against AC009283.1. A significant arrest in S phase was observed in cells with low levels 
of AC009283.1 (Fig. 5D). These results suggest that AC009283.1 may regulate cell proliferation by arresting cells 
in S phase.

Additionally, apoptosis assays using flow cytometry revealed that AC009283.1 knockdown enhances the 
percentage of cells undergoing early apoptosis (21.3% vs 15.9% in control cells) (Fig. 6A,B). Furthermore, we 
measured caspase-3 enzymatic activity and found that AC009283.1 knockdown significantly increases the level 
of caspase-3 activity at day four, compared with negative control cells (shRNA NC) (Fig. 6C). These results sug-
gest that AC009283.1 promotes apoptosis resistance in HER2-enriched breast cancer cells.

AC009283.1 is over‑expressed in HER2‑amplified tumors and might regulate relevant onco‑
genic pathways.  Based on the above described correlation between HER2-gain and the lncRNA level, we 
hypothesized that AC009283.1 over-expression is not unique to the HER2-enriched subtype but rather an event 
associated with HER2-amplification. Since the HER2-enriched PAM50 subtype captures some, but not all of 
the HER2+ tumors, we expanded our analysis to all HER2-amplified tumors, evaluated through microarray or 
immunochemistry (IHC) analysis, from public available datasets from TCGA and Gene Expression Omnibus 
(GEO).

We first explored the expression portraits of HER2-neighboring lncRNA genes encoded in the 17q12-21.3 
amplicon. We systematically explored and integrated somatic copy number alteration data of HER2 amplifica-
tion in breast tumors, independently of the PAM50 molecular subtype (Fig. 3B). A set of lncRNAs contained in 
or neighboring amplified genes within the 17q12-21.3 amplicon showed a coordinated expression pattern with 
HER2 mRNA level, suggesting that these correlated transcripts may be needed to sustain oncogenic programs 
prompted by HER-amplification (Supplementary Figure 7). Importantly, AC009283.1 was among the lncRNAs 
most correlated with ERBB2 expression (R:0.61 p < 0.001) (Supplementary Figure 7). Furthermore, among the 
overall evaluated lncRNAs, AC009283.1 presented the highest expression in HER-amplified tumors compared 
with tumors without copy number changes or amplicon loss (Fig. 7A). In accordance with these data, we found 
a significant up-modulation of AC009283.1 in HER2+ tumors evaluated by IHC, independent of the hormone 
receptor status (Fig. 7B).

After determining a relevant correlation between HER2-amplification/over-expression and AC009283.1 
expression, we performed a gene set enrichment analysis (GSEA) to identify relevant biological processes 
enriched in HER2+ tumors with diverse AC009283.1 expression patterns. As shown in Fig. 7C, GSEA analysis 
confirm previous findings in our in vitro assays. We found a significant, exclusive enrichment in G2–M check-
point, G0–G1 transition, regulation of cell-cycle phase transition, DNA replication, and regulation of intrinsic 
apoptotic signaling pathways in HER2+ tumors over-expressing AC009283.1.

To validate our observations in a more sophisticated characterization, normalized ssGSEA (single-sample 
GSEA) scores were computed on HER2+ breast cancer samples retrieved from TCGA (n = 183) and Gene Expres-
sion Omnibus (GEO) datasets (n = 226). Once again, tumors over-expressing AC009283.1 (High group) were 
found to be predominantly enriched in cell proliferation, cell cycle, cell cycle G1–S transition, cell cycle G2–M 
transition, regulation of cell G2–M transition and negative regulation of cell cycle arrest, compared with low-
expressing tumors (Fig. 7D).

Modular expression analysis of AC009283.1 in HER2‑amplified tumors.  Assessing co-expression 
patterns may help identify novel functional connections between AC009283.1 and mRNAs under HER2+ ampli-
fication. Thus, we performed a gene co-expression network analysis with CEMiTool package using the expression 
profiles of HER2+ tumors divided in accordance with AC009283.1 levels into a low, medium or high category. 
Four-gene modules were revealed (Fig. 8A). M1, M2 and M3 were highly enriched in AC009283.1 (Fig. 8A) and 
gene-set enrichment analysis revealed a significant over-representation of cell metabolism and growth (M1), 
immune signaling (M2) and oncogenic pathways, such as KRAS (M3), of all them markedly related with aberrant 
cell proliferation, cell-cycle progression and apoptotic rates, which corroborated our in vitro results (Fig. 8B).

We then integrated co-expression information to identify main regulators and hubs within the modules. 
Interestingly, as shown in the interaction network, AC009283.1 correlated with genes contained in modules 
M1, M2 and M3 (Fig. 8C). This analysis showed that AC009283.1 lncRNA may unveil potential transregulatory 
relationships within the HER2 response network.

Overall, these data suggested that high expression of AC009283.1 is strongly associated with cell proliferation, 
cell cycle progression and apoptosis, and further reveal that the biological role of AC009283.1 in HER2-enriched 
breast cancer is probably modulated and associated with HER2-amplification.

Discussion
A few decades ago, the non-coding sequences of the genome (98%) were considered non-functional and the 
search for tumor oncogenes and suppressors focused only on protein coding sequences (2%). Now with the use 
of high-throughput screening we know that around 70% of the genome is transcribed, including non-coding 
regions which play an important role in the regulation of gene expression15. LncRNAs are deregulated in several 
cancer types8. This study provides a whole transcriptome in-house profile from well-characterized breast cancer 
tumors, and identifies the deregulated expression of AC009283.1 in the HER2-enriched subtype. We found 307 
lncRNAs differentially expressed in tumors compared to normal adjacent tissue and their expression pattern 
was able to distinguish BRCA tissue from normal adjacent. A small set of deregulated lncRNAs have already 
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Figure 5.   (A) Proliferation assay performed following knockdown of AC009283.1 with shRNA2, shRNA NC 
as negative control, and wildtype cell line. Cells were counted every day for four days. *p < 0.05, **p < 0.005, 
***p < 0.0005, comparing with shRNA NC for each condition via Student’s t test. (B) Proliferation index using 
CFSE assay in SKBR3 cells with shRNA2 AC009283.1 and shRNA NC. *p < 0.05, **p < 0.005, ***p < 0.0005, 
comparing with shRNA NC for each condition via Student’s t test. (C) Representative CFSE flow-cytometry 
histograms showing the effect on in vitro SKBR-3 cell proliferation with shRNA NC and shRNA2 (AC009283.1 
knock-down). (D) Cell cycle assay with flow-cytometry using (propidium iodide) PI on in vitro SKBR-3 cells, 
AC009283.1 knockdown causes accumulation of cells at S phase. *p < 0.05, **p < 0.005, ***p < 0.0005, comparing 
to shRNA NC for each condition via Student’s t test.
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been reported with a functional role in breast carcinogenesis,however, the biological function of the majority is 
unknown. Surprisingly, when we validated our gene expression profiles using TCGA data, we found an agreement 
of 33.8% of the results. The concordance levels between our patients and the TCGA cohort could be influenced 
by three different variables: (1) sample number disparities (74 for the Mexican cohort and 990 for TCGA), (2) 
the detection technologies used to obtain gene expression data (microarray for Mexican and RNA-seq for TGCA 
cohort), and (3) intrinsic biological factors of samples, such as normal/tumor purity percentage. However, the 
overlapped lncRNAs may have a relevant biological role in breast cancer, as they are present in two independ-
ent cohorts. In addition, these data suggest that microarrays and RNA-seq may be complementary methods to 
identify lncRNAs deregulated in BRCA​16,17.

To acquire insight into the potential biological role of the altered lncRNAs, in our cohort and the TCGA data, 
among the molecular subtypes, a co-expression analysis of lncRNA–mRNA was performed. It is noteworthy that 
co-expression analysis has been described as a robust approach for inferring the biological function of lncRNAs18.

In the Luminal A subtype LINC00504, LINC00993, MIR205HG and PCAT18 were found up-regulated in 
the analyzed cohorts. Their biological function has not been reported, but according to co-expression analysis 
(lncRNA–mRNA) they are associated with positive regulation of DNA-templated transcription, a process that 
regulates the frequency, rate and extent of RNA polymerase II transcription, a target for cancer therapy19. This 
observation might also be related to the fact that in Luminal A BRCA cell line (MCF7), estradiol is a potent 
stimulator of RNA polymerase II transcription20. These four lncRNAs up-regulated in Luminal A tumors also 
regulate microtubule-based movement, a process that results in the movement of organelles through polymeri-
zation or depolymerization of microtubules, this process is also a promising target for breast anticancer drugs21. 
Another biological process enriched was ciliary docking and organization. It has been reported that cilia in 
breast tumors are more frequent in more differentiated tumors such as those in the luminal A subtype22. In 

Figure 6.   (A) Early apoptosis cells were observed to be significantly different between shRNA NC and shRNA2 
AC009283.1 using flow cytometry assay on SKBR-3 cells. (B) Analysis that represents the percentage of cells 
in early apoptosis in three biological assays on SKBR-3 cells. *p < 0.05, **p < 0.005, ***p < 0.0005, compared 
with shRNA NC for each condition via Student’s t test. (C) Quantitative analysis of caspase-3 activity of cells 
treated with shRNA NC and shRNA2 AC009283.1, units are defined as the amount of enzyme that cleaves 
1 nm colorimetric substrate/h. QBS 50uM was used as the positive control for apoptosis. *p < 0.05, **p < 0.005, 
***p < 0.0005, compared with shRNA NC for each condition using Student’s t test.
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Figure 7.   (A) Top 5 lncRNAs expressed in 17q12-21.3 vs copy number changes. (B) Expression of AC009283.1 
in BRCA subtypes including hormone receptor and HER2 receptor status. (C) Bubble plot representing GSEA 
analysis in AC009283.1 high expression breast cancer samples versus AC009283.1 medium and low expression 
samples. Pink arrows depict biological processes previously shown in in vitro shRNA-mediated knockdown 
assays. (D) ssGSEA analysis for AC009283.1 high, medium and low expression levels, depicting enrichment for 
cellular proliferation, cell cycle and apoptosis processes in an independent HER2-enriched breast cancer cohort.
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addition, it was observed that the promoter of MIR205HG shows a binding site for the estrogen receptor in the 
Luminal A cell line MCF7, according to Chromatin Immunoprecipitation Sequencing (ChIP-Seq) assays23, and 
PCAT18 lncRNA was significantly associated with androgen receptor (AR) signaling in prostate cancer24. These 
data suggest a possible association of these lncRNAs in tumor biology and hormone signaling in this subtype.

In the Luminal B subtype, overexpression of DSCAM-AS1, has been previously reported to mediate tumor 
progression and tamoxifen resistance. This molecular subtype is the most clinically aggressive ER-positive BRCA, 
and DSCAM-AS1 is a major discriminator of the luminal subtypes in BRCA​25. Three other lncRNAs over-
expressed in our cohort and TCGA data were LINC0187, RP11-379F12.4 and GATA3-AS1) So far, there are 
no reports of their biological function in cancer. Co-expression analysis (lncRNA–mRNA) associated them 
with histone H3K14 acetylation (H3K14ac). Acetylation of specific lysine residues of histones plays a key role 
in regulating gene expression, in fact, H3K14ac is an active histone mark and correlates with the magnitude of 
gene expression, probably promoting the expression of oncogenes26.

Figure 8.   (A) Co-expression modules detected by CEMiTool and their enrichment in tumors with high, 
medium and low expression of AC009283.1. (B) Representation of biological processes in each gen module. (C) 
Network graph with the lncRNA in the center and its relationship of co-expression with genes from modules 1, 
2 and 3.
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In the Basal-like subtype we observed 280 deregulated lncRNAs, importantly, the function of most of them 
is still unknown. This makes evident the lack of knowledge about the function of the lncRNAs deregulated in 
the Basal-like tumor phenotype, one of the most aggressive subtypes lacking targeted therapy. For instance, the 
up-regulation of lncRNAs U62317.1 and U62317.2 (in our cohort and TCGA) is correlated with genes involved 
in the positive regulation of the JNK cascade, an intracellular protein kinase cascade. Its known that persistent 
activation of JNKs is involved in cancer development and progression27. Another pathway enriched with these 
two lncRNAs is the activation of cysteine-type endopeptidases involved in the apoptotic process, such as caspases, 
enzymes known for their role in the initiation and execution of apoptosis28. Additionally, these two lncRNAs are 
associated with positive regulation of NF-κB, deregulated NF-κB pathway leads to the disruption of the balance 
between cell proliferation and death through the positive regulation of anti-apoptotic proteins29.

Another four lncRNAs (LINC02095, LINC01436, VIM-AS1, LINC01819 and AFAP1-AS1) were also up-
regulated in Basal-like subtype in our cohort and the TCGA cohort. They have an expression correlation with 
103 mRNAs in both cohorts, associated with activation of MAPKKK (MAP3K1), which functions in cell survival, 
apoptosis, and cell migration in multiple tumor cell types30.

In the HER2-enriched subtype, 8 lncRNAs are up-regulated, of which, only the function of LINC00152 is 
known, since it regulates cell proliferation, promotes cell cycle arrest at G1 phase, triggers late apoptosis, reduces 
the epithelial mesenchymal transition program, and suppresses cell migration and invasion in gastric cancer31. 
MIR4435-1HG is up-regulated in HER2-enriched tumors and has been associated with reduced OS and disease-
free survival in head and neck cancer32. It is noteworthy that the functions of LINC00152 and MIR4435-1HG, 
mentioned above, have been described in gastric and head and neck cancer models, but not breast cancer.

There are no reports of biological function in cancer of lncRNAs AC116021 and LINC00672, that were found 
co-expressed with 90 mRNAs in HER2-enriched tumors in our cohort and TCGA, and they are associated with 
positive regulation of VEGF production. It has been documented that in tumors with overexpressed HER2 
the expression and secretion of VEGF is induced, and expression increases when tumors become resistant to 
treatment33. Additionally, negative regulation of anoikis is also an enriched pathway. Anoikis is a hallmark of 
metastatic cells, and it has been reported that HER2 cells are resistant to this process34. None of the up-regulated 
lncRNAs have been described in HER2-enriched BRCA.

Co-expression analysis of lncRNA–mRNA highlights important functions of specific lncRNAs for each 
molecular subtype. Some groups of subtype-specific altered lncRNAs are involved in common pathways (RNA 
polymerase transcription, histone acetylation), while others are more specialized (in the HER2 subtype, those 
related to VEGF production), explaining the high heterogeneity of the molecular biology of breast tumors. This 
suggests that the up-regulation of lncRNAs may regulate processes associated with carcinogenesis, which makes 
them interesting targets for further studies to understand the biology of the molecular subtypes of BRCA.

The HER2-enriched molecular subtype is characterized by the amplification of genes contained in the 17q12 
amplification, as well as, the high expression rate of ERBB2 gen and other five cancer promoting genes (GRB7, 
PNMT, STARD3, PGAP3, and MGC1483)35. HER2-enriched tumors are also one of the subtypes exhibiting the 
lowest progression free survival36 and the highest rate of metastasis and lower OS in the Mexican cohort. There-
fore, biological characterization of HER2-enriched tumors is a relevant task, especially for deciphering the role 
of genes located within the HER2 amplification zone.

Few reports have focused on the study of lncRNAs in the HER2-enriched molecular subtype37. To date, no 
one has investigated the functional role of the AC009283.1, a lncRNA up-regulated in HER2-enriched subtype 
and localized in an amplified region that has been documented to be necessary for the carcinogenic process 
in this subtype. To better understand the function of the AC009283.1 in the regulation of global gene expres-
sion, we examined the effect of its knockdown on the SKBR3 cell transcriptome. To the best of our knowledge, 
AC009283.1 alterations and biological roles have not previously been reported in breast cancer, thus this would 
be the first study to describe them.

Microarray analysis revealed that AC009283.1 knockdown regulates 158 genes, some associated with prolif-
eration, cell cycle and apoptosis, as shown by enrichment analysis pathway. This analysis found that AC009283.1 
knockdown altered the expression of NOTCH3, TNFa and FOSB, genes that have been previously suggested to 
be drivers for proliferation and cell cycle in cancer. Up-regulation of NOTCH3 induces cell cycle arrest at the G0/
G1–S phase, and inhibits proliferation and colony-formation in BRCA cell lines38. NOTCH3 was up-regulated 
by the AC009283.1 knockdown and we observed cycle cell arrest in S phase. TNFa gene expression was down-
regulated by the knockdown of AC009283.1 and TNFa up-regulation has also been shown to increase cellular 
proliferation39. The oncogene FOSB was up-regulated after AC009283.1 knockdown, and FOSB has been asso-
ciated with suppressed cell proliferation in gastric cancer cell lines40. In vitro assays (automated cell counting, 
proliferation index and cycle cell assay by flow cytometry) confirmed that knockdown of AC009283.1 reduced 
proliferation and decreased S phase in SKBR3 cells, potentially through the modulation of NOCTH3, TNFa and 
FOSB genes.

Our experimental analysis showed that the expression of BCL2A1, DNML1 and KLF6, previously reported 
to be associated with apoptosis, was affected by knockdown of AC009283.1. BCL2A1, an anti-apoptotic gene, is 
overexpressed in a variety of cancer cells, including hematological malignancies and solid tumors41 and DNM1L 
mediates mitochondrial and peroxisomal division and is involved in the regulation of apoptosis. In a previous 
work, the knockdown of DNM1L expression caused significant increase in apoptosis42. Both of these genes 
were down-regulated after AC009283.1 knockdown. Finally KLF6 is a tumor suppressor that is down-regulated 
or mutated in several types of cancers, suppressing tumor growth through the activation of p21 and inducing 
apoptosis in prostate cancer43. Knockdown of AC009283.1 causes up-regulation of KLF6. Thus, increased apop-
tosis in SKBR3 cells with knockdown of AC009283.1, may be through the modulation of BCL2A1, DNML1 and 
KLF6 genes.
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Pathway enrichment analysis from microarray analyses and our in vitro assays demonstrated that AC009283.1 
knockdown has an anti-proliferative effect and enhances apoptosis in the SKBR3 cell line. Thus, overexpression 
of AC009283.1 in breast tumors induces apoptosis evasion and sustained proliferation, both processes being 
hallmarks of cancer44. The dual regulation of proliferation and apoptosis that we observe in this work seems to 
be common for cancer lncRNAs. One example is LSINCT5 that regulates 36 protein-coding genes in breast and 
ovarian cancer45, GAS5 in lung cancer46, and HOXA11-AS in gastric cancer through regulation of miR-129747 
and UCA1 in colorectal cancer48. In this context, our results suggest that AC009283.1 contributes to the malig-
nant phenotype in the HER2-enriched subtype through the interaction with key genes, leading to increased 
proliferation and resistance to death by apoptosis.

To further validate the functional biological role of AC009283.1 in HER2-enriched tumors driven by HER2 
amplification, we performed a GSEA and ssGSEA on two independent breast cancer cohorts. GSEA analysis 
shows that over-expression of AC009283.1 is associated with over-representation of cellular proliferation and 
cell cycle progression enrichment pathways. This data was confirmed by ssGSEA. Moreover, cellular processes 
are driven by multiple molecules that interact with each other. Knowing that genes that participate in the same 
signaling and that share similar functions will tend to co-express49, Cemitool co-expression analysis was per-
formed. We found modules significantly enriched in HER2+ tumors overexpressing AC009283.1 related to cell 
proliferation and metabolism. Some immunological process were also over-represented. Since the HER2 subtype 
has been described as an immunogenic tumor, a detailed study of this phenotype and the establishment of its 
relation with AC009283.1 should be included in future studies50.

Data resulting from diverse computational strategies suggest that AC009283.1 is a potential driver for the 
malignant phenotype in HER2 enriched/amplified tumors, confirming our results from the in-vitro knockdown 
assays. The molecular mechanism by which AC009283.1 regulates the expression of target genes involved in pro-
liferation, cell cycle and apoptosis remains unknown. Previous studies have reported that a large part of lncRNAs 
regulate transcription through chromatin interaction and modulation9. We found the AC009283.1 is enriched in 
the cell nucleus so it is likely that its functions take place in the chromatin. Therefore, further studies are needed 
in order to understand the molecular mechanism of AC009283.1 in HER2-enriched BRCA.

Conclusions
We found that the expression of a significant number of lncRNAs is deregulated in BRCA. High expression 
of AC009283.1 may be causally associated with carcinogenesis and we suggest that it plays a potential role in 
HER2-enriched breast cancer. Additional studies to clarify the regulatory mechanisms of lncRNAs in BRCA will 
improve our understanding of their contribution to the tumor phenotype.

Methods
Breast tissue collection.  Human BRCA specimens (n = 74) (Luminal A = 24, Luminal B = 23, HER2 = 14, 
Basal = 13) and adjacent breast tissue (n = 12) were obtained from the Institute of Breast Diseases, FUCAM, 
between 2008–2015. None of the patients received neoadjuvant therapy. The adjacent tissues were collected 
2 cm from the tumor margin. All tissues were frozen in liquid nitrogen and stored at − 80 °C until further use. 
Histological evaluation by two trained pathologists confirmed diagnosis and only samples with more than 80% 
of tumor cells were included in the analysis. This study was approved by the Research and Ethics Committee of 
National Institute of Genomic Medicine and the Institute of Breast Diseases, FUCAM (CE2009/11). Research 
was performed in accordance with relevant guidelines and regulations. Written informed consent was obtained 
from each patient before any procedure.

Overall survival (OS) of the BRCA TCGA and METABRIC patients was analyzed with the multivariable 
Cox regression model. Relative Risk was also calculated. This analysis was performed using the PASW statistics 
software (SPSS, IBM). Disease-free survival (DFS) of our Mexican cohort was analyzed with the Kaplan–Meier 
model. For all statistical tests, the level of significance was < 0.05.

Cell lines.  Human BRCA cell lines included in the analyses (MCF7, ZR-75-1, MDA-MB-361, SKBR3, MDA-
MB-468, HCC1187, HS578T, MDA-MB-231, MDA-MB-453) and non-tumorigenic epithelial cell line MCF10A, 
were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cell lines were grown 
according to ATCC guidelines, supplemented with 10% fetal bovine serum (FBS) (ATCC) in a humidified incu-
bator at 37 °C with 5% CO2.

RNA extraction.  Frozen tissues were disrupted using a TissueRuptor (Qiagen Inc, Valencia, CA) and RNA 
extraction was performed with the DNA-RNA AllPrep System (Qiagen Inc, Valencia, CA). RNA from cell lines 
was extracted by Trizol (Invitrogen). RNA concentration was evaluated by spectrophotometry (NanoDrop Tech-
nologies, Wilmington, Delaware), and RNA integrity was analyzed using the BioAnalyzer 2100 (Agilent Tech-
nologies, Palo Alto, CA). Only samples with a RNA integrity number (RIN) above 8 were used for microarray 
analysis. Total RNA was stored at − 80 °C until processing.

Quantitative reverse transcription PCR (RT‑qPCR).  cDNA was synthetized using SuperScript III RT-
PCR (Invitrogen) following the manufacturer’s recommendations. Briefly, 100 nanograms (ng) of total RNA 
from cell lines were used to synthesize cDNA in a final reaction volume of 20 μL. The PCR mixture contained 
1  μL of cDNA, 5  μL 2 × TaqMan Universal Master Mix (Applied Biosystems, Cat 4304437), 0.5  μL TaqMan 
probes (Hs_01590788 custom from AC009283.1) and 3.5 μL of nuclease-free water. GAPDH (Hs99999905) and 
SCARNA (Hs03391742_cn) were used as endogenous controls.
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Microarray expression.  Human Transcriptome Array 2.0 (Affymetrix, Inc, Santa Clara, CA) was used to 
measure the mRNA and lncRNA expression following the manufacturer’s recommendations. 200 ng of total 
RNA were processed with the WT Plus Reagent Kit protocol and Affymetrix hybridization kit.

Gene expression profiles.  Transcriptome data from Affymetrix HTA2 data was analyzed using Affym-
etrix’s Expression and Transcriptome Analysis Consoles. According to the manufacturer, the array platform 
contains 44,699 protein-coding genes and 22,829 non-protein coding genes, also called Transcript Cluster ID 
(TCID), however, only 62% of all TCID (41,572) is annotated, the remaining 38% of TCID (25,956) is unan-
notated. In order to have a high-quality reference gene annotation, the TCIDs in the Affymetrix array were re-
annotated with the BioMart-Ensembl tool. In this manner, we identified 10,153 lncRNAs that were included in 
the microarray HTA 2.0 (Supplementary data 1.4).

Gene expression data from our Mexican cohort was processed to determine BRCA molecular subtypes 
according to the PAM50 expression profile3. Initially, tumor samples were compared to normal adjacent tis-
sues, and secondly each molecular subtype was compared to the other subtypes, using an unpaired one-way 
ANOVA test. Transcripts were considered to be differentially expressed when fold change was > 2.0, ANOVA 
p-value < 0.05, and false discovery rate (FDR) < 0.05.

To validate our findings regarding the highly expressed lncRNAs in breast tumors from the Mexican cases, 
we used TCGA level 3 data and selected lncRNAs with potential clinical significance in breast tumors through 
TANRIC. In the TCGA cohort, for the validation of lncRNA expression in tumors relative to normal adjective 
tissue, we used RNAseq data from The Cancer lncRNome Atlas (TCLA)51. Expression data from The Cancer 
Genome Atlas in the Atlas of Non-Coding RNA (TANRIC) (https​://ibl.mdand​erson​.org/tanri​c/_desig​n/basic​/
downl​oad.html) was used as an independent validation dataset for the differential expression of lncRNAs across 
molecular subtypes.

Co‑expression analysis.  To identify co-expressed lncRNA–mRNA pairs, Pearson correlation coefficients 
were calculated based on the expression value between every differentially expressed lncRNA and mRNA pair 
using LncSubpathway for the Mexico data and the TANRIC tool for the TCGA data. The threshold of Pearson 
correlation coefficients was set to > 0.3 from TCGA data and > 0.4 from Mexico data, and the corresponding 
p-value was set to < 0.05. The Gene ontology (GO) analyses for co-expression sets were completed using the 
ClueGO app in Cytoscape, using mRNA that correlates with lncRNAs in both cohorts.

Breast cancer TCGA data sets for HER2 analysis.  The HT-Seq raw counts from gene expression 
RNAseq were downloaded from Xena data base (https​://xenab​rowse​r.net/datap​ages/). Data was annotated with 
biomaRt52, Gencode v33 (https​://www.genco​degen​es.org/human​/) and LNCipedia53. All transcripts annotated as 
processed transcript, lncRNA, lincRNA, antisense, nc RNA, ncRNA intronic, sense intronic, sense overlapping 
and prime overlapping ncrna were considered as lncRNAs. Segmentation file from Affymetrix Genome-Wide 
Human SNP Array 6.0 was also retrieved from the Xena data base (copy number segments—after removing 
germline cnv). Additionally, clinical information was downloaded. HER2+ tumors, based on immunochemistry 
(IHC) evaluations, validated when available with CISH HER2 information, were selected for further analysis. 
GEO data sets processed with the Affymetrix Human Genome U133 Plus 2.0 Array included in this study: 
GSE20711, GSE29431 ,GSE5460, GSE17907, GSE29044, and GSE66305 only HER2+ tumors by IHC.

RNA‑seq expression profiles.  Low expressed (< 10 counts) raw count data were filtered. Then, normali-
zation and differential expression profiles were computed using DESeq2 on DESeq2 package on R53, indepen-
dently analyzing coding and lncRNA transcripts.

Generation of somatic copy number alteration profiles.  To determine significantly recurrent 
regions on segmented copy number data from HER2+ (IHC) tumors, GISTIC (Genomic Identification of Sig-
nificant Targets in Cancer) 2.0 algorithm54,55 was computed on a Genepattern server (https​://cloud​.genep​atter​
n.org/gp/pages​/index​.jsf) with the following parameters: deletion threshold = 0.1, cap values = 1.5, broad length 
cutoff = 0.7, remove X-Chromosome = 0, confidence Level = 0.90, Join Segment Size = 4, arm level Peel Off = 1, 
Maximum sample segments = 2000 and Gene GISTIC = 1.

Neighboring coding and noncoding transcripts within the 17q‑21 amplicon.  Genes contained 
(core genes) in each significant identified wide peak (q < 0.05) on 17q-21 amplicon by GISTIC analysis, were 
determined by Genome browser table tool, using Gencode v32. Then, a set of lncRNA–mRNA and mRNA–
mRNA pair neighboring core genes were assembled using the GenomicRanges package56. Two categories were 
defined based on the proximity to the core genes: (1) close gene: the nearest neighbor genes and (2) distant genes: 
the nearest neighbor gene of the defined close genes. Genes were considered if they were expressed in at least 
50% of the evaluated samples.

Co‑expression module identification and building of consensus network.  HER2+ tumors with 
different AC009283.1 expression levels were classified as: low expressing tumors (AC009283.1 levels < 1st quan-
tile), medium (> 1st quantile and < 3rd quantile) and high (> 3rd quantile). DeSeq2 normalized counts of coding 
genes and AC009283.1, belonging to the above described classes were submitted to CEMiTool57 on R environ-
ment, using default parameters (Pearson correlation coefficient and unbiased selection of genes using a variance-
based filter). The Pearson correlation coefficient between each pair of genes in the evaluated tumor expression 
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profiles was computed. Genes from each module were connected through a network. Genes significantly corre-
lated (Pearson > 30%, p < 0.05) with AC009283.1 were annotated in each network. CEMiTool GSEA was carried 
out by using the curated gene sets58 (C1-Hallmark gene sets, C2-Kegg curated genes, and C5GO-BP gene sets) 
of the Molecular Signature Database (MSigDB) (https​://www.broad​.mit.edu/gsea/).

Implementation of GSEA and ssGSEA.  A non-preranked GSEA59 was performed by applying the 
C1-Hallmark gene sets58, C2-Kegg curated genes and C5GO-BP gene sets of the MSigDB using the R package 
GSVA60. FDR < 0.25 is considered to be statistically significant for GSEA. Individual scores for each tumor sam-
ple were computed by the ssGSEA method61 implemented in GSVA R package using the following parameters: 
min gene set size of 5 and normalization. The evaluated gene sets were: proliferation UNC337 intrinsic cluster-
ing, hallmark apoptosis, GO regulation of cell cycle g2 m phase transition, GO negative regulation of cell cycle 
arrest and GO cell cycle g2 m phase transition. ssGSEA scores were then plotted by ggplot library. DeSeq2 nor-
malized RNA-Seq data from coding genes were employed to compute GSEA and ssGSEA scores.

Subcellular fractionation.  Cellular fractionation (cell nucleus and cytoplasm) was performed using 
Ambion PARIS Kit (Thermo Fisher, Cat AM1921) according to manufacturer’s instructions. RNA was isolated 
and qRT-PCR was performed as described above.

AC009283.1 knockdown.  Short hairping RNAs (shRNAs) specifically targeting AC009283.1 were 
designed using BLOCK-iT U6 RNAi Entry Vector Kit (Invitrogen, Cat K494500) following the manufacturer’s 
instructions. We generated the double-stranded oligo (dsoligo) and subsequently performed the ligation reac-
tion of ds oligo into the pENTR /U6 vector, which was used to transform competent E. coli One Shot TOP10. We 
used Sanger sequencing to corroborate the presence and correct orientation of the dsoligo on the vector.

Two designed shRNA were used to knockdown AC009283.1 (shRNA1 and shRNA2). shRNA1: top 5′CAC​
CGA​GGA​AGT​AGG​TTA​GGG​AAT​GCG​AAC​ATT​CCC​TAA​CCT​ACT​TCC​TC3′, bottom 5′AAA​AGA​GGA​AGT​
AGG​TTA​GGG​AAT​GTT​CGC​ATT​CCC​TAA​CCT​ACT​TCC​TC3′ and shRNA2: top 5′CAC​CGC​AAA​TAG​GTG​
TCT​CAT​AGC​TCG​AAA​GCT​ATG​AGA​CAC​CTA​TTT​GC3′ and bottom 5′AAA​AGC​AAA​TAG​GTG​TCT​CAT​
AGC​TTT​CGA​GCT​ATG​AGA​CAC​CTA​TTT​GC3′. negative control (NC): top: 5′CAC​CGG​AAT​TAC​GGA​GTC​
TTC​TTC​GCG​AAC​GAA​GAA​GAC​TCC​GTA​ATT​CC3′ and bottom: 5′ AAA​AGG​AAT​TAC​GGA​GTC​TTC​TTC​
GTT​CGC​GAA​GAA​GAC​TCC​GTA​ATT​CC3′ with a sequence that does not target mRNAs in the human genome 
(Green Fluorescence Protein, GFP).

Knockdown of AC009283.1 in HER2-enriched cell line (SKBR3 ATCC HTB-30) was accomplished using 
two shRNAs (shRNA-1 and shRNA-2), which were transfected using Xfect Transfection Reagent Protocol-At-
A-Glance (Clontech, Palo Alto, CA, Cat 631318). Briefly, 3.5 × 105 SKBR3 cells were seeded in 6-well plates and 
3 μg of plasmid were transfected during 48 h. Nanoparticle complexes were removed and replaced with complete 
growth medium McCoy5A (ATCC). 96 h post-transfection, expression of AC009283.1 was evaluated by RT-
qPCR. The RNA was extracted by TRIzol (Thermo Scientific, Cat 15596026) and stored at − 80 °C. Independent 
experiments were performed in triplicate.

The effect of AC009283.1 knockdown on the transcriptional landscape of SKBR3 cell was analyzed with the 
HTA 2.0 microarray (Affymetrix, Santa Clara, USA) as described above, we performed three microarrays for 
shRNA NC and three for shRNA 2 (AC009283.1 knockdown). Genes with a fold change of > 1.2 and < − 1.2, 
p-value < 0.05 were considered as significant and selected for biological pathway analysis using Ingenuity Pathway 
Analysis (IPA). To explore the effect of the AC009283.1 in tumor samples, we performed a differential expres-
sion analysis of HER2-enriched tumor samples with high and low expression of AC009283.1 (first and fourth 
quantile). Count tables of RNASeq were obtained from TCGA data portal and subsequently differential expres-
sion was performed with DESeq2. We obtained a list of differentially expressed genes and used it for biological 
pathway analysis with IPA.

Cellular proliferation assay.  Cell proliferation of AC009283.1 knockdown cells was analyzed using two 
methods: (1) counting the total number of positive cells stained with trypan blue in a TC20 Automated Cell 
Counter (BIO-RAD), and (2) detecting proliferation rate using Cell Trace CFSE Cell Proliferation Kit (Invitro-
gen, Cat C34554), according to the manufacturer’s protocol, using flow cytometry (Attune, Applied Biosystems). 
7.7 × 104 SKBR3 cells were seeded in 24-well plates and were transfected with shRNA or NC shRNA. Cell prolif-
eration assays were carried out at 24, 48, 72 and 96 h. At least three independent experiments were performed 
for each assay.

Apoptosis assay.  7.7 × 104 SKBR3 cells were seeded in 24-well plates, and incubated with shRNA for 96 h. 
Cells were harvested by trypsinization and washed with PBS, cells were treated with QBS 20 µM for 24 h to 
perform the apoptosis assay. Then, the cells were re-suspended in binding buffer and stained with Annexin V 
and PI (FITC Annexin V/Dead cell Apoptosis kit, Invitrogen, Carlsbad, CA, USA) for 15 min in the dark at 
room temperature. The stained cells were examined by flow cytometry (Attune, Applied Biosystems). The cells 
were categorized into early and late apoptotic cells. At least three independent experiments were performed. 
We conducted a second validation test of apoptosis using a caspase-3 activity assay, performed following the 
manufacturer’s instructions (Merck #235419). We used QBS 50 µM as positive control of apoptosis and FlowJo 
T v10.0 software for analysis.
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Statistical analysis.  Statistical significance was estimated using GraphPadPrism (version 6, San Diego, 
USA). ANOVA and Student’s  t  test were performed for all comparisons involving categorical variables. Cor-
relation between variables was determined by Pearson’s correlation coefficient. The Kaplan–Meier method 
was assessed by log‐rank test and COX. p value < 0.05 was considered as significant (*p < 0.05, **p < 0.005, 
***p < 0.0005).

Ethical approval and informed consent.  This study was approved by the Research and Ethics Commit-
tee of the National Institute of Genomic Medicine and the Institute of Breast Diseases, FUCAM (CE2009/11). 
Written informed consent was obtained from each patient before any procedure.

Data availability
To review GEO accession GSE134254: Go to https​://www.ncbi.nlm.nih.gov/geo/query​/acc.cgi?acc=GSE13​4254. 
Enter token enopkmqerzmvzut into the box. To review GEO accession GSE134359: Go to https​://www.ncbi.nlm.
nih.gov/geo/query​/acc.cgi?acc=GSE13​4359 Enter token ehofieiuhpkbdkp into the box.
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FAM83H-AS1 está sobreexpresado en nueve tipos de tumores diferentes en la base de 

datos TCGA. En particular, FAM83H-AS1 está sobreexpresado y significativamente co- 

rrelacionado con un peor resultado clínico en los subtipos CaMa positivos (detectados 

por IHC), en la cohorte de CaMa del TCGA. Un estudio anterior (Yang et al, 2016) mues- 

tra que la alta expresión de FAM83H-AS1 se asocia a un pronóstico desfavorable en el 

CaMa luminal y es un marcador pronóstico independiente. Nuestro estudio es el primero 

que sugiere una interacción de variables entre FAM83H-AS1, PR y ER (detectados por 

IHC) en el contexto del pronóstico clínico. Además, este trabajo demostró que los niveles 

de expresión de RE y RP pueden actuar como potenciadores de mal pronóstico de OS 

de FAM83H-AS1. En particular, los niveles de expresión elevados de RE y RP, junto con 

la sobreexpresión de FAM83H-AS1, confieren un riesgo muy elevado (HR=57) de falle- 

cimiento en las pacientes con CaMa. Estos datos sugieren un importante papel clínico de 

FAM83H-AS1 en el CaMa ER/PR positivo. Sin embargo, en la actualidad se desconoce 

5.1.

5. DISCUSIÓN

Los  RNAs  largos  no  codificantes  ejercen  numerosas  funciones  en  los  cánceres  humanos,

ya que sus actividades biológicas implican la regulación de la proliferación, la muerte, la

diferenciación, la migración, la invasión y la metástasis de las células. La desregulación

de la expresión de los lncRNAs también se ha asociado con el resultado clínico de los

pacientes  con  cáncer.  Los  lncRNAs  pueden  afectar  a  la  expresión  de  miles  de  genes,  por

lo  que  se  consideran  reguladores  celulares  maestros.

En este trabajo, el objetivo fue examinar si la expresión de los lncRNAs FAM83H-  AS1 y

LINC00460 se encuentra desregulada en diferentes tumores y si está asociada con las

características clínicas y patológicas de estos cánceres. Como objetivos particularesse

planteó identificar el papel  biológico de lncRNAs FAM83H-AS1 y LINC00460 en CaMa,

así  como  sus  potenciales  genes  blanco  y  la  caracterización  funcional  de  éstos.  En  la

siguiente  sección  se  discutirán  los  hallazgos  relacionados  a  FAM83H-AS1  y  posterior-

mente,  se  discutirán los resultados  asociados  a  LINC00460.
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si estas interacciones estadísticas y clínicas se reflejan a nivel biológico o molecular, por 

lo que futuros estudios deberán abordar esta materia. 

También encontramos una correlación significativa entre la alta expresión de FAM83H- 

AS1 y la mala respuesta al tamoxifeno en las pacientes con CaMa. Esta asociación po- 

dría explicar parcialmente la menor respuesta clínica en el grupo de alta expresión de 

FAM83H-AS1 en comparación con los casos que lo subexpresaron . 

La sobreexpresión de FAM83H-AS1 en las muestras de CaMa depositadas en el TCGA 

está asociada a la regulación a la baja de transcritos relacionados con la migración y la 

muerte celular, como FGF4, FGF21, LEP, CLDN17, TP53, BAX y TNFRSF11B (Ríos- 

Romero et al., 2020. Ver tabla 2). En consecuencia, también se logró descubrir que el 

silenciamiento de FAM83H-AS1 desregula significativamente la migración y los genes 

relacionados con la apoptosis, como TP63 y CLND1 (Ríos-Romero et al., 2020. Ver tabla 

3). Los ensayos de migración mostraron que, efectivamente, la migración celular au- 

menta tras el silenciamiento de FAM83H-AS1 (Ríos-Romero et al., 2020. Ver figura 6). 

Se ha demostrado que tanto LEP como CLDN1 inducen la migración celular y la transi- 

ción epitelial a mesenquimal (EMT) (que constituye el primer paso de la migración) en las 

células de CaMa (Zhao et al., 2015; Wei et al., 2016; Strong et al., 2015; Li et al., 2016; 

Huang et al., 2017), lo que sugiere además un papel de FAM83H-AS1 en las pri- meras 

fases de la migración. En conjunto, tanto los datos publicados anteriormente como 

nuestros resultados podrían explicar los mecanismos subyacentes relacionados con la 

migración celular de FAM83H-AS1 en las células de CaMa. 

FAM83H-AS1 podría desempeñar un papel doble, probablemente debido al contexto ce- 

lular. FAM83H-AS1 se encuentra implicado en la regulación de los procesos de prolife- 

ración, migración e invasión celular, que disminuyeron tras el silenciamiento de FAM83H- 

AS1 en las células de cáncer de pulmón AS1 (Zhang et al., 2017). Otros análisis del 

mismo estudio indicaron que el ciclo celular se detiene en la fase G2 tras la eliminación 

de FAM83H-AS1 (Zhang et al., 2017). Estos resultados contradictorios pueden deberse 

al contexto celular o a mecanismos de regulación específicos y, por tanto, a blancos mo- 

leculares específicos. 

También se identificó que la sobreexpresión de FAM83H-AS1 está asociada a la 
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regulación a la baja de transcritos relacionados con la muerte celular, como BAX, 

TNFRSF11B y P53 (Ríos-Romero et al., 2020. Ver figura 4). Los ensayos in vitro también 

muestran que el silenciamiento de FAM83H-AS1 aumenta la muerte celular, posible- 

mente mediante la regulación al alza de genes como p63 (Ríos-Romero et al., 2020. Ver 

figura 5 D y E y tabla 3). Un estudio previo (Lu et al., 2018) demostró que la muerte celular 

aumenta notablemente tras la supresión de FAM83H-AS1 en líneas celulares de cáncer 

colorrectal. FAM83H-AS1, Notch1 y Hes1 aumentaron significativamente en las muestras 

y líneas celulares de cáncer colorrectal. La proliferación celular se inhibió con el silencia- 

miento de FAM83H-AS1 y este efecto mediado por FAM83H-AS1 pudo ser revertido por 

los reguladores de Notch1 (Lu et al., 2018). 

Sin embargo, actualmente no está claro si FAM83H-AS1 tiene un efecto directo o indi- 

recto en la regulación de los genes. A este respecto, se ha demostrado que FAM83H- 

AS1 silencia epigenéticamente al gen CDKN1A mediante la unión a EZH2 en células de 

glioma (Bi et al., 2018). En nuestro análisis de expresión diferencial, demostramos que 

FAM83H-AS1 regula mayoritariamente a la baja la expresión génica. Estos datos podrían 

sugerir que FAM83H-AS1 desempeña una función de regulación inhibidora. Los estudios 

futuros deben abordar estos mecanismos, ya que no se ha descartado que FAM83H- 

AS1 pueda regular la expresión de genes maestros a través del reclutamiento de com- 

plejos epigenéticos (por ejemplo, EZH2). Adicionalmente, el papel exacto de FAM83H- 

AS1 en los genes regulados al alza sigue siendo poco claro. Sigue latente la posibilidad 

de que este lncRNA juegue un papel sutil y alternativo de en la activación de genes, y 

futuros estudios deberán abordar esta cuestión. Nuestros resultados también muestran 

que FAM83H-AS1 está presente tanto en el núcleo como en el citoplasma de las células 

de CaMa. Es posible que este lncRNA desempeñe un papel diferente en el citoplasma y 

los estudios futuros deben centrarse en esta cuestión. 

 
 

5.2. LINC00460 
 

En el caso de LINC00460, el estudio se centró en su papel clínico en el CaMa agresivo 

del tipo parecido a basal y en la identificación de posibles blancos de LINC00460 en este 

modelo. El objetivo era saber si LINC00460 puede dirigirse a miRNAs in-silico, que a su 

vez pueden unirse a mRNAs relevantes. Por último, se examinó si algunos de los posibles 
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genes candidatos tendrían un papel combinatorio para la OS y la respuesta a la terapia 

en CaMa parecido a basal. 

LINC00460 se encuentra desregulado en siete tipos de tumores diferentes en la base de 

datos TCGA, incluyendo dos tumores no reportados previamente: Glioma de bajo grado 

y Glioblastoma Multiforme (LGG y GBM) (Cisneros-Villanueva et al., 2021. Ver figuras 1A 

y S1). También se confirmó la desregulación de LINC00460 en CaMa utilizando dos 

cohortes independientes (Cisneros-Villanueva et al., 2021. Ver figuras 1B y S2). La so- 

breexpresión de LINC00460 está asociada a tumores clínicamente agresivos, como ade- 

nocarcinoma de pulmón, carcinoma escamoso de pulmón y carcinoma de riñón de célu- 

las claras (LUAD, LUSC y KIRC, respectivamente, por sus siglas en inglés) en etapas 

avanzadas, alto grado histológico en carcinomas de cabeza y cuello (KIRC, HNSC) () 

negativo al Virus de Papiloma Humano (VPH) y CaMa parecido a basal (Cisneros-Villa- 

nueva et al., 2021. Ver figuras S3 y S4 del material suplementario), lo cual sugiere un 

papel importante de LINC00460 en la progresión o agresividad intrínseca de estos tumo- 

res. Se ha demostrado previamente que la expresión de LINC00460 puede promover la 

progresión del cáncer (Liu et al., 2018; Li y Kong, 2019a; Lian et al., 2019; Xie et al., 

2019), la metástasis (Zhang et al., 2019) e influye en la respuesta a la terapia (Ma et al., 

2019). 

Algunos reportes muestran que LINC00460 es un marcador de mal pronóstico para OS 

en diferentes tumores, como cáncer cérvico uterino de células escamosas y endocervi- 

cales (CESC) (Li, Zhu y Wang, 2020), HNSC (Zhang et al., 2020), KIRC (Zhang, Zeng y 

Hu, 2020), LUAD (Nakano et al., 2019) y adenocarcinoma pancreático (PAAD) (Sun et 

al., 2019). En este trabajo, se describió que la alta expresión de LINC00460 se asocia 

significativamente con una mala supervivencia en tres tumores diferentes (GBM, LGG y 

sarcoma, SARC) pero se relaciona con una tasa de supervivencia favorable en CaMa, es 

decir, su asociación con el resultado clínico varía entre los tumores (Cisneros-Villanueva 

et al., 2021). Estos datos sugieren que los niveles de expresión del LINC00460 y su im- 

pacto en la OS, RFS y sobrevida libre de metástasis (DMFS) pueden ser específicos de 

cada tejido. En estudios previos, se ha demostrado que un mismo lncRNA puede ejercer 

un doble papel pronóstico en distintos tumores. Por ejemplo, se ha reportado de que la 

expresión elevada de MALAT-1 es un marcador de mal pronóstico en diversos tumores, 
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como el adenocarcinoma de colon (COAD), adenocarcinoma de estómago (STAD), 

PAAD y carcinoma de esófago (ESCA), entre otros (Zhu et al., 2015), pero también es un 

factor de buen pronóstico para el CaMa, ya que actúa como supresor de metástasis (Kim 

et al., 2018). Otro ejemplo de este fenómeno dual es la expresión de XIST. Se ha 

demostrado que la alta expresión de este lncRNA está relacionada con un mal pronóstico 

clínico en diferentes tipos de cáncer (Zhou et al., 2018), pero en otro estudio, los autores 

demuestran que la alta expresión de XIST está relacionada con una mayor DMFS cere- 

bral en pacientes CaMa (Xing et al., 2018). Tomando en cuenta los resultados de la pre- 

sente investigación y los antecedentes previamente publicados, sugerimos que 

LINC00460 puede funcionar como un marcador pronóstico dual específico de tejido, si- 

milar a MALAT-1 y XIST; aunque no hay suficiente evidencia para descartar mecanismos 

alternativos, como por ejemplo las diferencias en las variantes de splicing analizadas 

entre los estudios. Estos patrones de expresión de las transcripciones variantes deben 

tenerse en cuenta para evaluar los biomarcadores predictivos basados en lncRNAs (Me- 

seure et al., 2016). Esta última posibilidad debe abordarse en futuros estudios. 

En el modelo CaMa derivado de la cohorte de TCGA, la expresión de LINC00460 se 

asocia con la composición fenotípica del tumor, donde la sobre-expresión de LINC00460 

se asocia con un resultado negativo a los receptores hormonales RE y RP cuando se 

evalúa por IHQ. También se observó que, en el fenotipo más agresivo, el CaMa parecido 

a basal, la expresión de LINC00460 favorece el resultado clínico (Cisneros-Villanueva et 

al., 2021. Ver figura 6) incluso al ser sometido a análisis en los diferentes subtipos de 

TNBC. Su comportamiento similar a través de los diferentes subtipos de CaMa y de las 

diferentes cohortes de CaMa, nos llevó a proponer a LINC00460 como un biomarcador 

potencial para mejorar la predicción de la OS, la RFS y posiblemente la DMFS en el CaMa 

parecido a basal (Cisneros-Villanueva et al., 2021. Ver figuras 4, 5 y 6). Este com- 

portamiento puede explicarse potencialmente a través de los genes candidatos coexpre- 

sados encontrados en los análisis de expresión diferencial y análisis de sobrerrepresen- 

tación (ORA, por sus siglas en inglés) (Cisneros-Villanueva et al., 2021. Ver figura 7). 

Proponemos cinco mecanismos principales que potencialmente explican el papel de 

LINC00460 en el buen pronóstico clínico de las pacientes CaMa: (1) regulación/coexpre- 

sión de genes relacionados con el buen pronóstico clínico (Cisneros-Villanueva et al., 

2021. Ver figura 7 y tablas 2 y 3); (2) coexpresión/modulación de genes que promueven 
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un nicho inmunogénico (Cisneros-Villanueva et al., 2021. Ver figura 7C y tablas1,2 y 3); 

(3) disminución de la proliferación de células tumorales (Cisneros-Villanueva et al., 2021. 

Ver figura 7B); (4) regulación de WNT7A a través de la captura de miR-103-a-1 (Cisneros- 

Villanueva et al., 2021. Ver figuras 8A, 8B y tablas 4,5,6) y (5) promoción de la respuesta 

patológica completa a la quimioterapia (Antraciclinas) (Cisneros-Villanueva et al., 2021. 

Ver figura 8C). Dado que la mayoría de estas interacciones fueron predichas in-silico, o 

se asocian con características clínicas en cohortes de pacientes, se necesita una valida- 

ción experimental futura para apoyar estas hipótesis. 

En este sentido, observamos que la expresión de LINC00460 está significativamente en- 

riquecida en el subtipo BL2 de TNBC. Este hallazgo es de especial interés, ya que el 

subtipo BL2 muestra una variedad de ontologías génicas enriquecidas en componentes 

y vías implicadas en la proliferación celular, el crecimiento, la supervivencia y las vías de 

diferenciación celular, como la vía WNT (Lehmann et al., 2011). De acuerdo con este 

hallazgo, identificamos miembros importantes de la vía WNT, como WNT7A, como po- 

tencialmente regulados por LINC00460 (Cisneros-Villanueva et al., 2021.Ver la figura 

7C). Estos datos refuerzan el papel de LINC00460 en BL2 TNBC y aclaran aún más su 

mecanismo de acción en estos tumores. 

Detectamos que algunos de los genes co-expresados junto a LINC00460, como SFRP5 

y HOXD13, también están relacionados con una mayor tasa de supervivencia en diferen- 

tes tumores. La alta expresión de SFRP5 se asocia significativamente con un mejor pro- 

nóstico en PAAD (Zhou et al., 2018) y CaMa (Wu et al., 2020). Los niveles de la proteína 

HOXD13 están relacionados con una mayor OS en CaMa (Zhong et al., 2015). Por lo 

tanto, estos genes blanco candidatos de LINC00460 contribuyen potencialmente al efecto 

de aumento de la supervivencia observado en los pacientes de CaMa. 

Por otra parte, se observó que varios genes coexpresados con LINC00460 (TRIML2, 

SFRP5, FOSL1, IFNK, CSF2, DUSP7, DEFB103A e IL1AA) (Cisneros-Villanueva et al., 

2021. Ver tabla 4) están relacionados con la inmunidad. Las vías de respuesta inmunitaria 

son clínicamente relevantes, ya que se ha descrito previamente que un nicho altamente 

inmunogénico en un tumor puede mejorar el resultado de la enfermedad (Giraldo et al., 

2017). Estos genes y vías están frecuentemente enriquecidos en TNBC (Lehmann et al., 

2011; Rody et al., 2011). Además, el TNBC también muestra un enriquecimiento de 
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linfocitos infiltrantes de tumores (TILs) (Stanton and Disis, 2016). Sugerimos que 

LINC00460 se relaciona con un buen pronóstico en el TNBC/parecido a basal debido a 

su posible relación con estos genes y con la presencia de linfocitos infiltrantes de tumores 

(TILs), como se muestra en nuestra cohorte (Cisneros-Villanueva et al., 2021. Ver la tabla 

1). Se ha demostrado previamente que la presencia de TILs mejora el pronóstico ya que 

modula la progresión del cáncer y mejora la respuesta a la quimioterapia en el TNBC, 

confiriendo una inmunidad protectora en estas pacientes (Denkert et al., 2018). 

Por lo tanto, sugerimos que la correlación entre los niveles de expresión de estos genes 

inmunogénicos y LINC00460 puede explicar parcialmente el comportamiento clínico 

(buen pronóstico) en las cohortes estudiadas de CaMa (Cisneros-Villanueva et al., 2021. 

Ver figuras 4, 5 y 6), ya que la sobreexpresión de LINC00460 se asocia con la regulación 

al alza de factores inmunogénicos que, a su vez, permiten la migración de componentes 

del sistema inmune. Estos mecanismos pueden promover un entorno tumoral inmunogé- 

nico y favorecer así la muerte de las células tumorales. Se necesitan más estudios para 

validar experimentalmente estos datos, ya que son relevantes para el resultado clínico 

en el TNBC agresivo. 

Además de promover el nicho inmunogénico, LINC00460 podría disminuir la proliferación 

de las células tumorales, ya que observamos que la vía de proliferación está enriquecida 

negativamente en el grupo con alta expresión de LINC00460 en las muestras de CaMa. 

Esto también podría explicar el aumento de las tasas de supervivencia de los pacientes 

CaMa. Ciertamente, múltiples líneas de evidencia sugieren que LINC00460 puede mo- 

dular la proliferación celular, la muerte celular, la migración e invasión y la EMT, a través 

de su actividad de esponja y dirigiendo varios transcritos claves en diversos tipos de 

cáncer (F. Wang et al., 2018; K. Li et al., 2018; Dong y Quan, 2019; Wen et al., 2019; 

Yuan et al., 2020; Zou et al., 2020). 

LINC00460 se une potencialmente a miR-103-a-1 in-silico, que, a su vez, puede unirse a 

WNT7A. A este respecto, aunque ha habido informes que sugieren que WNT7A es una 

oncoproteína (Avgustinova et al., 2016), también se ha demostrado que la pérdida de 

expresión de WNT7A se asocia significativamente con una mala RFS en CaMa (Yi et al., 

2017) y también está implicada en la diferenciación de las células tumorales (Liu et al., 

2013). Por lo tanto, el papel exacto de WNT7A en el CaMa no está claro actualmente. 
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Nuestros resultados podrían sugerir que WNT7A desempeña un importante papel clínico 

en el CaMa, ya que LINC00460 podría actuar como esponja de miR-103-a-1 y, por tanto, 

liberar WNT7A. Otras investigaciones posteriores deberán validar estas predicciones ex- 

perimentalmente. 

Hemos observado que la relación LINC00460:WNT7A es un marcador compuesto que 

puede predecir una OS y una DMFS favorables en el TNBC (Cisneros-Villanueva et al., 

2021. Ver figura 8). Estos resultados ponen de manifiesto el papel clínico y biológico de 

los transcritos LINC00460 y WNT7A en el TNBC y constituyen datos valiosos, ya que las 

simples proporciones de los niveles de expresión génica pueden utilizarse para diagnos- 

ticar con precisión (Gordon et al., 2002) y predecir los resultados clínicos cáncer (Gordon 

et al., 2003; Ma et al., 2004), al tiempo que evitan muchas de las limitaciones que impiden 

el uso de las técnicas de microarreglos en aplicaciones clínicas extensas (Golub et al., 

1999; Shipp et al., 2002). De acuerdo con nuestras observaciones relativas a la posible 

regulación al alza de los factores inmunogénicos y con los hallazgos previos en este 

campo (Denkert et al., 2010, 2018; Stanton and Disis, 2016), también se identificó una 

asociación significativa entre el enriquecimiento de la expresión de LINC00460 y WNT7A 

con las pacientes con RE que responden a las antraciclinas. Este hallazgo refuerza aún 

más el papel benéfico de ambos transcritos en la predicción y el pronóstico de las pa- 

cientes, ya que se ha demostrado que los cánceres de mama ER-negativos con altos 

niveles de TILs tienen una mayor sensibilidad a la quimioterapia basada en antraciclinas 

(West et al., 2011), y que los TILs son un predictor independiente de buena respuesta a 

la quimioterapia neoadyuvante con antraciclinas/taxanos (Denkert et al., 2010). Todas 

estas observaciones, sin embargo, están limitadas por el tamaño de las cohortes de pa- 

cientes del repositorio Gene Expression Omnibus (GEO) y requerirán validación poste- 

rior. 

 
 

En cuanto al papel de miR-103-a-1, identificamos una asociación marginal con una mala 

OS en CaMa (Cisneros-Villanueva et al., 2021. Ver figura S7 del material suplementario). 

Este resultado concuerda con hallazgos anteriores, ya que se ha demostrado que miR- 

103-a-1 actúa como oncogén para promover la migración y la invasión de las células en 

TNBC (Xiong et al., 2017). En otro estudio, los autores muestran que la sobreexpresión 
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de miR-103 en suero se correlacionó significativamente con factores clínicos de mal pro- 

nóstico, así como con una peor OS y RFS en el cáncer colorrectal (Wang et al., 2018). 

La expresión de miR-103/107 muestra funciones promotoras de la capacidad de creci- 

miento y un perfil de expresión alta de miR-103/107 y baja de Axin2 se correlaciona con 

un mal pronóstico en pacientes con cáncer colorrectal (Chen et al., 2019). En pacientes 

con cáncer gástrico, la expresión elevada de miR-103 se asoció significativamente con 

una mala supervivencia global y libre de enfermedad, y es un factor clave que contribuye 

a la progresión del tumor (Zheng et al., 2017). En conjunto, estos datos sugieren que miR- 

103-a-1 es un marcador de mal pronóstico en varios tumores, incluido CaMa. Éste es el 

primer estudio que sugiere una posible conexión entre LINC00460, WNT7A y miR- 103- 

a-1. Las investigaciones futuras deberán dilucidar los mecanismos exactos implica- dos 

en esta red potencial de 3 genes, y su impacto en la biología del CaMa parecido a basal. 
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6.2. LINC00460 

• La expresión de LINC00460 es un doble marcador potencial de fenotipos agresi- 

vos y de mal resultado clínico en distintos tumores, incluyendo HNSC, KIRC LUSC 

y LUAD, que también se asocia con un mayor pronóstico en CaMa de tipo basal. 

LINC00460 está enriquecido en el TNBC BL2 y regula potencialmente la vía de 

diferenciación WNT. 

• LINC00460 también puede modular una plétora de genes relacionados con la in- 

munidad en CaMa, como SFRP5, FOSL1, IFNK, CSF2, DUSP7 e IL1A, e interac- 

túa con miR-103-a-1, in-silico, que, a su vez, no puede unirse a WNT7A. 

• La tasa LINC00460:WNT7A constituye un marcador compuesto que puede prede- 

cir una OS y una DLMS favorables en TNBC, y la combinación de la sobreexpre- 

sión de LINC00460 y WNT7A se asocia con la respuesta patológica completa tras 

el tratamiento con antraciclinas en pacientes con ER- CaMa. Estos datos confir- 

man que LINC00460 es un regulador maestro en los circuitos moleculares de 

CaMa y que influye en el resultado clínico. 

6.   CONCLUSIONES
6.1.  FAM83H-AS1

•  La  sobreexpresión de FAM83H-AS1 se asocia a un mal pronóstico clínico en

  CaMa.  Los  resultados  sugieren  que  este  efecto  se  potencia  cuando  la  paciente

  presenta una alta expresión de RE y RP. Adicionalmente, la alta expresión de

  FAM83H-AS1  se  asocia  a  una  menor  respuesta  a  tamoxifeno  en  pacientes  con

  CaMa.

•  La  sobreexpresión  de  FAM83H-AS1  en  muestras  de  CaMa  del  TCGA  está  aso-

  ciada  a  la  regulación  a  la  baja  de  transcritos  relacionados  con  la  migración  y  la

muerte  celular,  como  FGF4,  FGF21,  LEP,  CLDN17,  TP53,  BAX  y  TNFRSF11B.

•  El  silenciamiento  de  FAM83H-AS1  está  asociado  a  la  sobreexpresión  de  trans-

  critos relacionados con la muerte celular, como p63. Los ensayos in vitro tam-

  bién  muestran  que  el  silenciamiento  de  FAM83H-AS1  aumenta  la  muerte  celu-

  lar.

•  Los  resultados  muestran  que  FAM83H-AS1  juega  un  papel  importante  en  la

  biología  de  CaMa  y,  a  su  vez,  influye  en  el  curso clínico de  las  pacientes.
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Figura  7.  Modelo  de  los  mecanismos  de  acción propuestos  para  FAM83H-AS1  y  LINC00460.
A)F  AM83H-AS1 es un lncRNA que está desregulado en múltiples tumores, y es una molécula que
puede  actuar  como  factor  pronóstico  independiente  en  el  CaMa  RE/  RP  positivo.  FAM83H-AS1  puede
regular a genes relacionados con la  apoptosis, como  p63 y BAX.  No está claro si esta regulación es
directa  o indirecta,  por medio de  factores  epigenéticos como  EZH2.  La desregulación  de  FAM83H-
AS1 está asociada a una menor sobrevida global y respuesta a tamoxifén. B) LINC00460 potencial-
mente  funciona como  esponja de miR-103A,  lo cual  a su  vez  podría  promover  la disponibilidad del
transcrito  WNT7A.  La  sobre-expresión  de  LINC00460  se  asocia  a  una  mayor  expresión  de  genes
relacionados  a  la  diferenciación,  genes  inmunogénicos  y  a  una  disminución  de  la  proliferación  celular.
Adicionalmente, podría asociarse a la promoción de un nicho inmunogénico y buena respuesta a an-
traciclinas. Todos estos factores, en su conjunto, potencialmente contribuyen a una mejor OS, RFS y
DMFS  en  CaMa  Triple  negativo. Imagen  creada  con BioRender.
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