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1. RESUMEN

Antecedentes. La osteoartritis (OA) es un desorden reumatico cronico-
degenerativo en el que se ven afectadas las articulaciones debido al desgaste
cartilaginoso; esto provoca disminucion en el espacio articular, y por ende
friccion entre los huesos lo que genera dolor cronico y discapacidad. Su
patogenia es compleja, y en ella se ven involucrados factores genéticos,
mecanicos (sobrepeso), de género (mujeres principalmente), edad (adultos
mayores), etc., lo que hace dificil su comprension.

El gen HIF1A codifica para el factor inducible de hipoxia-1a (HIF-1a), que es una
proteina reguladora de la homeostasis del oxigeno en diversos tejidos. El
cartilago articular es un tejido con baja tensiéon de oxigeno (hipéxico), y la
participacion de HIF-1a en este tejido es fundamental para regular su
metabolismo. La activacion de HIF-1a estd mediada por la hipoxia y algun
estimulo externo, como un factor de crecimiento o una interleucina; a partir de
ahi, se lleva a cabo una cascada de eventos donde diversas proteinas
interactban para inducir la expresion de genes que regulan la homeostasis del
cartilago articular.

La expresion de HIF-1a y las proteinas asociadas a su via de senalizacion,
puede verse afectada por la presencia de polimorfismos de un solo nucleétido
(SNPs), por lo que el objetivo de este trabajo es investigar si la interaccidon de los
SNPs de la via de sefializacion de HIF-1a estan implicados en el desarrollo de la
osteoartritis de rodilla (OA).

Material y métodos. Un total de 401 individuos mestizos Mexicanos no
5



relacionados (134 pacientes con artrosis de rodilla y 267 controles sanos) fueron
reclutados para el estudio. Cuarenta y dos SNPs de 22 genes implicados en la
via de sefalizacion HIF-1a (PIK3R1, AKT2, GSK3B, IL6, AGER, HIF1A, EGLNL1,
VHL, HIF1AN, VEGFA, EPO, NOS2, NOS3, IGF1, EGF, EDN1, MMP1, MMP3,
MMP13, CA, COL2Al1 y COL3Al) se genotipificaron mediante ensayos de
discriminacion alélica utilizando el sistema OpenArray. Para este estudio, se hizo
un analisis de la distribucion de las frecuencias génicas y alélicas, la suma de
efectos minimos de los alelos de protecciébn y de riesgo, haplotipos, e
interacciones gen-gen (epistasis). Todos los analisis estadisticos se realizaron
con el paquete estadistico STATA v14. Las epistasis se analiz6 mediante el
método de reduccion de dimensionalidad multifactorial (MDR).

Resultados. El andlisis mediante MDR mostro epistasis entre los polimorfismos
rs8100018 (AKT2) y rs2288377 (IGF1); rs8100018 (AKT2) y rs35767 (IGF1);
rs35767 (IGF1) y rs1793953 (COL2A1); y entre el rs6438552 (GSK3B) y rs35767
(IGF1), con valores de informacion de ganancia de 21.24%, 8.37%, 9.93% y
5.73%, respectivamente. Ademas, nuestro modelo nos permiti6 identificar
genotipos de alto y bajo riesgo entre los polimorfismos rs1793953 (COL2A1),
rs6438552 (GSK3B), rs8100018 (AKT2) y rs35767 (IGF1).

Conclusiones. Nuestros resultados sugieren que la via de sefalizacion de HIF-
1a participa en el desarrollo de OA de rodilla. Conocer las interacciones de estos
polimorfismos implicados en esta via podria proporcionar una nueva herramienta

para identificar a personas con alto riesgo de desarrollar OA de rodilla.



1.1 Abstract

Introduction. Articular cartilage is the target tissue of osteoarthritis (OA), and
because it lacks capillary networks, the micro-environment is hypoxic. Hypoxia
inducible factor-1 alpha (HIF-71a) regulates the homeostasis of this tissue.
Objectives. The aim of this study was investigate whether genetic
polymorphisms of the HIF-1a signaling pathway are involved in the development
of knee OA.

Method. We performed a case-control association study and genotyped one
hundred thirty-four knee OA patients and two hundred sixty-seven healthy
controls. All participants were genotyped in order to evaluate forty-two SNPs from
twenty-two genes involved in the HIF-1a signaling pathway using the OpenArray
technology. Gene-gene interactions (epistasis) were analyzed using the
multifactor dimensionality reduction (MDR) method.

Results. The MDR analysis showed epistasis between AKT2 (rs8100018) and
IGF1 (rs2288377), AKT2 (rs8100018) and IGF1 (rs35767), IGF1 (rs35767) and
COL2A1 (rs1793953), and between GSK3B (rs6438552) and IGF1 (rs35767)
polymorphisms, with information gain values of 21.24%, 8.37%, 9.93%, and
5.73%, respectively. Additionally, our model allowed us to identify high- and low-
risk genotypes among COL2A1 rs1793953, GSK3B rs6438552, AKT2 rs8100018
and IGF1 rs35767 polymorphisms.

Conclusions. Knowing the interactions of these polymorphisms involved in HIF-
1a signaling pathway could provide a new diagnostic support tool to identify

individuals at high risk of developing knee OA.



2. INTRODUCCION

2.1 Definicion, epidemiologia y clasificacion de la Osteoartritis

La osteoartritis (OA) o artrosis, es la mas comun de las enfermedades
articulares, y en recientes afios se ha convertido en un problema grave de salud
publica [1]. Se posiciona como una de las principales enfermedades causantes
de discapacidad fisica y se manifiesta por dolor cronico, hinchazén, crepitacion,
deformidad e incapacidad funcional principalmente de las articulaciones de gran
movilidad o que soportan peso como las rodillas; ademas, este proceso conlleva
a la neoformacion de excrecencias 0seas conocidas como osteofitos, e
inflamacion de la membrana sinovial. La padece al menos el 15 % de la
poblacién a nivel mundial por arriba de los 60 afios de edad [2-10]. En México,
dentro de las primeras diez causas de consulta esta el dolor articular, y la OA es
la primera causa de consulta reumatoldgica [11]; se calcula que en nuestro pais
se destina el 0.4% del PIB en atencion a enfermedades musculo-esqueléticas

[12].

El Colegio Americano de Reumatologia (ACR, por sus siglas en inglés) se basa
en criterios clinicos y radiol6gicos para diagnosticar y clasificar la OA. Los
criterios clinicos incluyen grado de dolor y presencia de nédulos, los cuales
pueden causar deformacién y por ende, afectar la movilidad de la articulacién;
los criterios radioldgicos, identifican alteraciones 6seas y/o la presencia de

osteofitos [13-16] (Figuras 1y 2). La OA se clasifica en primaria (o idiopética), y
8



en secundaria (donde la causa se puede identificar) que incluye factores

metabolicos, anatomicos, de trauma e inflamatorios [14, 16].

Espacio
articular

saludable

Grado Descripcién
0 Ausencia de osteofitos
1 Osteofitos dudosos
2 Osteofitos minimos, posible disminucion del espacio articular, quistes y
esclerosis

Osteofitos moderados o claros, con pinzamiento moderado de interlinea

4 Grandes osteofitos y claro pinzamiento de la interlinea

Figura 1. Escala radiologica de Kellgren y Lawrence para clasificar la OA. Las flechas indican la
presencia de osteofitos. En el cuadro D puede observarse la pérdida total del espacio articular.

Figura 2. Pérdida del cartilago articular (A), y presencia de osteofitos (B)



2.2 Cartilago articular

La marca de la OA es la destruccion del cartilago articular hialino con
compromiso local del hueso subcondral y membrana sinovial, generando
cambios irreversibles en estos tejidos los cuales estdn mediados por las células
presentes: condrocitos, células del linaje de osteoblastos, y sinoviocitos,
respectivamente, cuyas actividades principales son mantener la integridad y la

funcién de la articulacion [17, 18].

El cartilago articular es un tejido conectivo viscoelastico que carece de redes
capilares en todos los sentidos; es decir, es avascular, aneural y alinfatico.
Funciona hidrodinamicamente para soportar y distribuir la carga, ademas de
proporcionar un movimiento casi libre de fricciones en las articulaciones [19]. Su
composicién consiste de una matriz extracelular (MEC) constituida por agua (60
— 80%) y una mezcla de moléculas (15%) de sostén, principalmente colagena,
proteoglicanos, glicoproteinas y lipidos; ademéas contiene condrocitos (~4%),
Unicas células presentes [20]. Recibe sus nutrientes y oxigeno por difusion a
partir del flujo dindmico del liquido sinovial y hueso subcondral. En la Figura 3 se
muestra la estructura de un cartilago articular sano, y en Figura 4 otro con

artrosis, ambos tenidos hematoxilina-eosina.

Debido a la avascularidad del cartilago, la viabilidad de los condrocitos se ve
comprometida por varios fendbmenos tales como estrés oxidativo, mediadores

inflamatorios y condiciones hipdxicas. La hipoxia es un estado donde el aporte y
10



consumo de oxigeno esta por debajo del nivel necesario para mantener la

tension de oxigeno fisiologica en algun tejido en particular [22].

Superficie articular

- C=n D oo

: Zona llI: profunda

t| Zona IV: profunda

Zona |: superficial

| Zona Il: media

H

D7 7 S el 4,

Figura 3. Histologia del cartilago articular normal y artrésico. Paneles A y B: en la capa
superficial o zona |, los condrocitos son algo mas pequefios y aplanados, estan situados de
forma paralela a la superficie articular. En la zona media o zona Il, que representa entre el 60-
40% de todo el cartilago, los condrocitos son algo mas grandes, esféricos y se encuentran solos
0 en grupos. En la zona Il o profunda, los condrocitos son mas elipticos, forman columnas y se
orientan perpendicularmente a la superficie. En la zona IV o calcificada, los condrocitos estan
mas esparcidos. Los paneles C y D muestran los cambios tipicos del cartilago artrésico, se
produce un descenso en el contenido de la matriz extracelular y del nimero de condrocitos,
principalmente en las capas | y Il. Esta hipocelularidad se ocasiona por un incremento en la
apoptosis de los condrocitos artrgsicos [Ref. 21].
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Figura 4. Matriz extracelular del cartilago articular. La MEC del cartilago estd compuesta
principalmente por agua, fibras de colagena tipo Il y proteoglicanos; ademds, hay otras
moléculas de sostén como el 4cido hialurénico y coldgena tipo IX, las cuales que brindan rigidez.

Se ha determinado que, bajo condiciones de hipoxia, la concentracion de
oxigeno en el cartilago articular varia del 0.5% al 10% (~4 a 70 mm Hg,
respectivamente) dependiendo de la zona [23, 24]; asi, a través de mecanismos
bien conservados, los condrocitos pueden realizar sus funciones metabdlicas
bajo tales condiciones. Quizas el principal mecanismo de adaptacién a la hipoxia
se deba a la expresion del factor inducible de hipoxia-1 alfa (HIF-1a) [25].
Cuando el HIF-1a se activa, comienza una cascada de eventos intracelulares

con el fin de mantener condiciones fisiolégicamente homeostaticas.
12



2.3 Factor Inducible de Hipoxia-1 alfa (HIF-1a)

El factor inducible de hipoxia-1 (HIF-1) es un heterodimero compuesto por dos
subunidades: la subunidad a (HIF-1a) que es inducible por el oxigeno; y la
subunidad B (HIF-1B), que es constitutiva y es estable con el oxigeno a la cual
también se le conoce como traslocador nuclear del receptor de aril-hidrocarburos
(ARNT) [26]. Tanto HIF-1a y HIF-1B pertenecen a la familia de factores de
transcripcion dispuestos en doble hélice, -hélice-bucle-hélice basico- (bHLH).
Hay dos puntos locales de sefializacion nuclear (NLS), pero so6lo el que se
encuentra hacia el C-terminal es el responsable de la acumulacion de HIF-1a en
el nucleo. En la region N-terminal, se localiza el dominio compuesto por bHLH y
PER-ARNT-SIM A (PAS A), necesario para la dimerizacion y union al ADN a
través de los elementos de respuesta a la hipoxia (HER) [27]. La Figura 5 ilustra

la estructura de las subunidades HIF-1a y HIF1-(3.

En 1995, Wang y Semenza purificaron y caracterizaron una proteina de 120
KDa, la cual fue subsecuentemente nombrada como factor inducible de hipoxia-
1a [28]. HIF-1a es un polipéptido de 826 aminoacidos y es codificado por el gen
HIF1A, localizado en el cromosoma 14921-24; juega un papel critico en la
homeostasis del oxigeno en diversos tipos celulares tales como los condrocitos

[29, 30].
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Figura 5. Estructura de las subunidades HIF-1a y HIF-18.

HIF-1a es el principal factor de transcripcion que actia como un regulador
fisioldgico. En condiciones de normoxia, HIF-1a es hidroxilado en dos residuos
de prolina en las posiciones Pro402/564, dentro del dominio dependiente de la
degradacion del oxigeno (ODD, por sus siglas en inglés). Esta hidroxilacion
clave se lleva a cabo por prolil-hidroxilasas (PHDs), que son dioxigenasas
dependientes de oxoglutarato, oxigeno y Fe?*, y que permiten el reconocimiento
de la proteina supresora de tumores von Hippel-Lindau (pVHL), la cual es el
sustrato de reconocimiento del complejo ubiquitina ligasa E3 para que HIF-1a
sea degradado por el proteosoma [26, 29-31]. En este sentido, el dominio ODD
se considera como un verdadero sensor de oxigeno. Otro sensor de oxigeno que
forma parte de HIF-1a, es el factor de inhibicibn de HIF-1a (FIH-1; su gen
HIF1AN), que en presencia de oxigeno, hidroxila a la asparagina en la posicion

14



803 dentro del dominio de activacion transcripcional del C-terminal (C-TAD). En
la Figura 6 se muestra la actividad de HIF-1a bajo condiciones de normales de

oxigeno.

1o, NORMOXIA

Figura 6. Actividad de HIF-1a bajo condiciones de normoxia. Bajo estas condiciones, HIF-1a se
hidroxila en el ODD por medio de PHDs, para formar un complejo con el factor de von Hippel-
Lindau (VHL); este complejo se une a Ub para ser degradado en el proteosoma.

Sin embargo, bajo condiciones reducidas de oxigeno (hipoxia), la actividad de
las PHDs se ve disminuida, lo que evita la hidroxilacion de HIF-1a y por ende su
degradacion. En estas condiciones, la concentracion HIF-1a en el citoplasma va
incrementando lo que favorece su fosforilacion por MAPK; posteriormente se
trasloca al nucleo para unirse con la subunidad HIF-13 y formar el complejo
[HIF-1a/ HIF-1B]. Este complejo se une a los elementos de respuesta a la
hipoxia (HRES) presentes en regiones 5TAGCGTGH3’ del ADN para dar inicio a

la expresion de diversos genes, tales como NOS2, VEGF, EPO, GLUT1, SOX9,
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IGF2, COL2A1, entre muchos otros (Figura 7) [23, 32, 33]. La transcripcion de
estos genes blanco actlan para mantener las funciones protectoras del cartilago
gue suceden en el ambiente articular durante la OA [34, 35]. Ademés, C-TAD
permanece inactivo, lo que permite su interaccion con los coactivadores de
proteina de union CREB y p300 (CBP/p300). Cabe mencionar que la inhibicion o
deplecion de la glucégeno sintasa 3 (GSK-3) incrementa la expresion de HIF-1q,
mientras que la sobreexpresion de la subunidad GSK-3B reduce su expresion
[36].

(%) D Factorde o
crecimiento Lo~ Hpoxa

Expresionde

VEGF

-t

Figura 7. Actividad de HIF-1a bajo condiciones de hipoxia. En condiciones de hipoxia, la
actividad de la PHD disminuye, lo que origina que HIF-1a se acumule en el citoplasma. De esta
manera, MAPK fosforila a HIF-1a y se trasloca al nucleo para unirse con HIF-1B3. Una vez en el
nucleo, el complejo [HIF-1a/ HIF-1B] se une, a través de los HREs, a secuencias 5TAGCGTGH3J’
presentes en regiones promotoras de genes. Algunos de esos genes blanco son NOS2 y NOS3,
gue actlan como vasodilatadores; VEGF como angiogénico, remodelacion y al mismo tiempo,
inductor de HIF-1a; EPO como inductor de la eritropoyesis, COL2A1, SOX9 y MMPs participan
en la remodelacion del cartilago.
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2.4 Polimorfismos genéticos

Un polimorfismo es una variacion en la secuencia de un lugar determinado
del ADN entre los individuos de una poblacion. Aquellos polimorfismos que
afectan la secuencia codificante o reguladora y que producen cambios
importantes en la estructura de la proteina o en el mecanismo de regulaciéon de
la expresion, pueden traducirse en diferentes fenotipos [37-39]. Un polimorfismo
genético puede consistir en la sustitucion de una simple base nitrogenada
(polimorfismo de un solo nucle6tido, SNP por sus siglas en inglés), por ejemplo
la sustitucién de una A (adenina) por una C (citosina) (Figura 8). O bien, puede
ser mas complicado; por ejemplo, la repeticion de una secuencia determinada de
ADN donde un porcentaje de individuos tenga un determinado numero de copias
de una determinada secuencia. Los cambios poco frecuentes en la secuencia de
bases en el ADN no se llaman polimorfismos, sino mas bien mutaciones [40-42].
Para que verdaderamente pueda considerarse un polimorfismo, la variacion
debe aparecer en al menos el 1% de la poblaciéon. Los principales tipos de

polimorfismos son los siguientes:

e Polimorfismo de nucleétido simple (SNP, del inglés Single Nucleotide
Polymorphism).

e Polimorfismos de longitud de fragmentos de restriccion (RFLP, del
inglés Restriction Fragment Length Polymorphism).

e Polimorfismos en el numero de repeticion en tandem (VNTR, del

inglés Variable Number Tandem Repetition).



Los SNPs son formas alternativas del genoma humano y no cambian mucho de
una generacion a otra, por ello es sencillo seguir su evolucion en estudios de

poblaciones.

Figura 8. Polimorfismos de un solo nucleétido (SNP). Un SNP es el cambio de una base por
otra en una posicién particular del ADN. Los SNPs pueden aparecer cada 100, 500 o 1000 pares
bases a lo largo del genoma. Los SNPs determinan el fenotipo de una persona: patrones de
resistencia o susceptibilidad a enfermedades, resistencia a farmacos, etc.

Un polimorfismo se caracteriza porque diferentes individuos presentan distintos
nucleétidos o variantes en una posicién concreta del genoma, que se denomina
locus. A cada posible variante se le denomina alelo. Si se trata de un SNP,
normalmente seran 2 los posibles alelos en un locus: por ejemplo, el cambio de
C por T (C>T). Si el locus corresponde a un cromosoma autosémico (del 1 al
22), cada individuo es portador de 2 alelos, uno en cada copia del cromosoma,

gue se heredan del padre y madre de manera independiente. Asi, las 3
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posibilidades de parejas de alelos (genotipos) para el SNP del ejemplo anterior
serian TT, CT y CC. Los individuos con los 2 alelos idénticos son homocigotos y
los que tienen diferentes alelos, heterocigotos. En general se considera variante

al alelo menos frecuente, pero esto puede diferir de una poblacion a otra.

El estudio de los SNPs es de utiidad como marcadores genéticos en
investigacion médica, por ejemplo en la deteccion de genes de resistencia o
susceptibilidad a enfermedades, identificacion individual, etc. En los humanos,
los SNPs forman hasta el 90% de todas las variaciones genéticas y aparecen en
promedio uno cada 100 a 500 o 1000 bases a lo largo del genoma. Estas
variaciones en la secuencia del ADN pueden afectar la respuesta de los
individuos a diversas enfermedades, bacterias, virus, productos quimicos,

farmacos, etc. [43].

2.5 Polimorfismos genéticos en el sistema HIF-1a

Considerando la importancia de HIF-1a en mediar la respuesta celular a la
hipoxia, se esperaria que los polimorfismos que irrumpen su funcién, pudieran
alterar la respuesta a la hipoxia en los tejidos. Se ha reportado que tanto los
polimorfismos de este gen, asi como la expresién de sus proteinas asociadas,
estan relacionados con la susceptibilidad o desarrollo de algunas enfermedades

[44].
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Actualmente, se han validado poco mas de 14 SNPs que se localizan en
regiones codificantes, pero en afos recientes el grupo de Yamada y cols.
secuenciaron una extension de 38 kb de la region codificante de HIF-1q,
reportando un total de 35 SNPs dentro del gen, de los cuales 32 se localizan en
regiones no codificantes, y 3 en regiones codificantes [45]. Por su parte, Hong y
cols. secuenciaron el gen y 1500 pb de la regién promotora, identificando 4
SNPs en diferentes regiones: -2755 C > A en el promotor, 41224 T > C en un

intrén, 45319 C > T en un exoén, y 51610 C > T en la regién 3" no traducida [46].

En la Figura 9 se ilustra la estructura del gen HIF1A, localizado en el
cromosoma 14921-23, el cual consta de 15 exones interrumpidos por 14
intrones. Uno de los sitios mas polimérficos y de mayor interés de HIF1A, se
localiza en el exén 12 [47, 48]. En esta regidon se encuentran dos de los SNPs

més estudiados con implicaciones médicas de gran relevancia [49].

En las Figuras 6 y 7 se muestran algunas de las proteinas que se ven
involucradas en la via de sefalizacion de HIF-1a asociadas con la OA; desde la
activacion (un estimulo externo), hasta las proteinas que se unen al ADN para
iniciar la transcripcion de genes asociados con la homeostasis del cartilago
articular. Sin embargo, la estructura y funcion de estas proteinas pueden verse
alteradas por la presencia de SNPs de sus respectivos genes. A su vez, estos
polimorfismos pueden tener un efecto distinto (mayor o menor) en el desarrollo
de OA debido a la interaccion entre estos mismos.

20



M o~ o~ - oo~ N 4 M H M AN AN AN AN N N A M
- - . — M H . RS B
[~ -2 ~ - oo B m M A NN A A A N .
~ - - s AN N N N N NNNNNMMM N MmN N
[*X [+ 9 - - b'b'b'b'b'b‘b‘b‘b‘b‘b'b‘b‘b‘b‘gb‘rg.rg'

Exomn 9 Exomn 10 Exom 11 Exom 12 Exén 13

rs11549465

rs11549467

Figura 9. Localizacién del gen HIF1A en el cromosoma 14. El gen HIF1A esta constituido por
15 exones y estd localizado en la region 14g21-23. Dentro del exén 12, hay polimorfismos con
elevada capacidad transcripcional con implicaciones médicas relevantes.
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3. PREGUNTA DE INVESTIGACION

Con base a lo anterior, hemos planteado la siguiente pregunta: ¢Como
interaccionan los polimorfismos de la via de sefializacion del HIF-1a en la OA de

rodilla?

4. HIPOTESIS

La interaccion de los polimorfismos de la via de sefalizacion de HIF-1a afecta el

desarrollo de OA de rodilla

5. OBJETIVO GENERAL

Analizar la interaccion de los polimorfismos de un solo nucledtido de la via de

sefalizacion de HIF-1a en pacientes mexicanos con OA de rodilla.

5.1. Objetivos especificos

a) Caracterizar a pacientes con OA de rodilla y a personas sanas mediante
criterios clinicos y radiolégicos, y evaluar parametros clinicos,
antropométricos y bioquimicos.

b) Analizar 42 polimorfismos de 22 genes candidatos de la via de
sefalizacion de HIF-1a en los grupos de estudio.

c) Analizar la distribucion de los polimorfismos seleccionados y determinar

las frecuencias génicas y alélicas en los grupos de estudio.
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d) Analizar la distribucién de los polimorfismos asociados en grupos
estratificados por género y por edad (<50 afos, >50 anos).

e) Evaluar la suma de efectos minimos de cada uno de los polimorfismos
gue resulten asociados.

f)  Analizar los haplotipos de los polimorfismos que resulten asociados.

g) Analizar las interacciones gen-gen de los polimorfismos asociados.

6. MATERIAL Y METODOS

Cuatrocientos y uno individuos de origen mestizo-Mexicano no emparentados
fueron reclutados para este estudio en el periodo de septiembre de 2013 a
septiembre de 2016. Todos los participantes de este estudio fueron informados
sobre el contenido del mismo, y firmaron carta de consentimiento (la cual incluia
datos sobre edad, género, peso, indice de masa corporal —IMC-, y lugar de
nacimiento). Este trabajo de investigacion se basa en los criterios de la
Declaracion de Helsinki. El disefio de este estudio es observacional de casos y

controles.

6.1 Tamafio de muestra

El tamafio de la “n” se apeg6é al nimero de muestras que pudieron ser
analizadas en el arreglo de baja densidad. Se recolectaron 134 muestras de

casos y 267 controles.
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6.2 Muestreo

No probabilistico, de casos y controles consecutivos, preferentemente de la
misma edad, género, y lugar de nacimiento. Este muestreo se baso en la técnica

donde los participantes son elegidos a juicio del investigador.

6.3 Grupos de estudio

6.3.1 Criterios de inclusién.

a) Grupo de pacientes (casos). 94 pacientes de ambos géneros con
diagnodstico de OA de rodilla se reclutaron de la cohorte del Servicio de
Reumatologia del INR, y 40 del Servicio de Reumatologia del Hospital
Civil de Guadalajara, Jalisco. El diagnéstico de la OA se basé en
pardmetros clinicos y radiologicos (escala de Kellgren-Lawrence = 2)

definidos por los criterios del Colegio Americano de Reumatologia [14].

b) Grupo control. El segundo grupo estuvo conformado por 150 personas de
una poblacion cautiva de trabajadores del INR-LGIl, y 117 de
Guadalajara, Jalisco, que refirieron gozar de buena salud, sin evidencia
clinica de OA de rodilla ni con antecedentes familiares de OA. Los
participantes fueron evaluados clinicamente por reumatdlogos quienes
certificaron la ausencia de signos o sintomas de OA, asi como de otras

artropatias o cualquier desorden articular (dolor croénico, inflamacion,
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sensibilidad, hinchazén o limitacibn de movimiento). Posteriormente, se

les realiz6 radiografias de rodilla.

Todos los participantes de ambos grupos fueron mayores 40 afos.

6.3.2 Criterios de exclusion

- La presencia de una enfermedad autoinmune concomitante con la OA:
- Artritis reumatoide.

- Artropatias metabdlicas asociadas.

- Pacientes con displasias 6seas y articulares.

- Artropatias microcristalinas (gota o seudogota).

- Tumores 6seos.

- Antecedentes de poliomielitis.

- Extranjeros.

6.3.3 Criterios de eliminacion

- Muestras con indicios de contaminacion del ADN.
- Zona gris en la interpretacion de radioldgica.

- Retiro voluntario de los pacientes.
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6.3.4 Tabla 1. Operacionalizacion de variables

Variable Tipo de Definicion Operacionalizacién Nivel de
variable medicion

Dependiente La marca de la OA  El diagnéstico de la OA Variable cualitativa
es la pérdida del se establece por medio dicotémica;
cartilago articular, y  de los criterios del CAR, determina si tiene o
alteraciones en el basados en radiol6gicos no OA por medio
hueso subcondral, (escala radiol6gica de de la escala visual
lo que compromete  Kellgren y Lawrence); y K-L.
atoda la clinicos (grado de dolor,
articulacion. crepitacion, noédulos, etc.).

Concluye con dolor
y discapacidad
fisica.

Independiente  Cambio de una Los SNPs generalmente Variable cualitativa
base nitrogenada se determinan por PCR categorica.
por otra en el ADN. en tiempo real. EIl ADN Presencia o
Su presencia extraido se amplifica y por ausencia de SNP.
puede alterar la medio de una Sin embargo, las
expresion proteica, exonucleasa y fluor6foros, unidades de
condicionando a emite una luz de fluorescencia
susceptibilidad o determinada longitud de pueden tener
resistencia a ciertas onda, que puede ser diferentes valores.
enfermedades. analizada.

OA = osteoartritis; SNP = polimorfismo de un solo nucleétido (single nucleotide polymorphism);
PCR = reaccién en cadena de la polimerasa (polymerase chain reaction).

6.4 Desarrollo metodolégico

6.4.1 Obtencién de muestras biologicas

Se recolectdé sangre periférica por venopuncion de cada individuo en los dos
grupos de estudio. Una muestra de sangre sin anticoagulante fue para el estudio
de quimica sanguinea, y otra muestra de sangre con EDTA para obtener el ADN

gendmico. El riesgo para la obtencién de sangre es minimo.
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6.4.2 Extraccion del ADN genémico

El ADN genomico se aislé de las muestras de sangre utilizando el Mini Kit
QIAmp DNA (QIAGEN), siguiendo las instrucciones del fabricante. Los ADNs
obtenidos se cuantificaron por espectrofotometria (NanoDrop 2000, Thermo
Scientific) y se almacenaron a -80° C hasta su uso. La concentracion final del

ADN se ajusto a 50 ng/uL.

6.4.3 Seleccion de polimorfismos para el arreglo de baja densidad

Los SNPs candidatos se seleccionaron por métodos y criterios bien definidos:
bases de datos [50, 51] y fuentes de literatura publicas (PubMed); ademas, se

utilizaron criterios epidemioldgicos de nuestra poblacion:

» Frecuencia > 1% en poblacién mexicana.

* No estar en desequilibrio de ligamiento (LD) con un valor de &< 0.98,
para que el analisis pueda ser individual. Un valor de 6">0.98 implicaria
redundar el valor de un polimorfismo con otro.

* El orden preferencial de selecciéon de los SNPs fue primero en las

regiones promotoras, seguido de exones, y finalmente en intrones.

Los polimorfismos genéticos seleccionados se clasificaron con base a su
proteina asociada de acuerdo a las siguientes categorias: a) que activen la via

de HIF-1q; b) que interactuen directamente con HIF-1q; y ¢) genes inducidos por
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HIF-1a (Tabla 2). Finalmente, para tener una mejor seleccion de los grupos de

estudio, se incluyeron 9 polimorfismos de ancestria mexicana. Debido a que la

poblacion mestiza mexicana es una compleja mezcla de diferentes poblaciones

(principalmente Amerindia, Europea y Africana), se utilizaron marcadores

informativos de ancestria (AIMs, por sus siglas en inglés) para ajustar las

asociaciones resultantes. Para ello, se utilizd un panel de 9 AlIMs que permite

distinguir principalmente ancestros amerindios, europeos y africanos. Estos 9

AlIMs contaron con una diferencia en sus frecuencias alélicas de 6=0.44 [52, 53].

Tabla 2. Polimorfismos de un solo nucleétido (SNPs) estudiados.

Gen db SNP rs ID Cromosoma Regién MAF Consecuencia
Genes que activan a

HIF-1a

PIK3R1 rs3730089 Chr.5:67588148 Intron A Variante sin sentido
AKT2 rs8100018 Chr.19:40752023 Intron C Variante intrénica
GSK3B rs6438552 Chr.3:119631814 Intron A Variante intrénica
IL6 rs1474347 Chr.7:22768124 Exon C Transcrito no codificante
AGER rs2070600 Chr.6:32151443 Intron T Variante sin sentido
AGER rs1800624 Chr.6:32152387 5 UTR T Variante de corriente arriba
AGER rs1035798 Chr.6:32151222 Intron T Variante de region de empalme
Genes que interactlan

con HIF-1a

HIF1A rs2057482 Chr.14:62213848 3UTR T Variante en 3UTR
HIF1A rs11549465 Chr.14:62207557 Exon T Pro582Ser
HIF1A rs11549467 Chr.14:62207575 Exon A Ala588Thr
EGLN1 rs12406290 Chr.1:231559226 5UTR G Variante en 3UTR
EGLN1 rs1339894 Chr.1:231560557 5UTR A Variante en 3UTR
EGLN1 rs2739513 Chr.1:231515201 Intron T Variante intrénica
EGLN1 rs2009873 Chr.1:231499236 3'UTR T Variante de corriente abajo
VHL rs779805 Chr.3:10183337 5UTR G Variante en 5UTR
VHL rs1678607 Chr.3:10188428 Intron T Variante intrénica
VHL rs1642742 Chr.3:10191943 3UTR G Variante en 3UTR
HIF1AN rs1054399 Chr.10:102312565 3UTR T Variante en 3UTR
HIF1AN rs11190613 Chr.10:102313997 JUTR C Variante en 3UTR
HIF1AN rs11292 Chr.10:102313607 3UTR G Variante en 3UTR
Genes inducidos por

HIF-1a

VEGFA rs699947 Chr.6:43736389 5UTR A Variante de corriente arriba
VEGFA rs1570360 Chr.6:43737830 5UTR A Variante de corriente arriba
VEGFA rs3025039 Chr.6:43752536 JUTR T Variante en 3UTR
VEGFA rs729761 Chr.6 :43804571 Intergenic T Variante de region regulatoria
EPO rs1617640 Chr.7:100317298 5UTR C Variante de corriente arriba
NOS2 rs1060826 Chr.17:26089867 - T Variante sinénima
NOS2 rs2297518 Chr.17:26096597 Intron A Variante sin sentido
NOS3 rs2070744 Chr.7:150690079 Intron C Variante intrénica
IGF1 rs35767 Chr.12:102875569 5UTR A Variante de corriente arriba
IGF1 rs2288377 Chr.12:102874762 5UTR T Variante de corriente arriba
EGF rs4444903 Chr.4:110834110 5UTR A Variante en 5UTR
EDN1 rs1800541 Chr.6:12289219 5UTR G Variante de corriente arriba
EDN1 rs5370 Chr.6:12296255 Exon T Lys198Asn
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MMP1 rs2239008 Chr.11:102661080 JUTR A Variante en 3UTR
MMP3 rs679620 Chr.11:102713620 - G Region codificante
MMP13 rs2252070 Chr.11:102826539 5UTR C Variante de corriente arriba
MMP13 rs12792912 Chr.11 :102801303 - G Sustitucion tansversion
CA rs1703290 Chr.5:4062706 Intergenic G Variante intergénica
COL2A1 12276454 Chr.12:48376291 - A Variante sinénima
COL2A1 rs1793953 Chr.12:48393526 Exon A Transcrito no codificante
COL3Al1 rs1800255 Chr. 2:189864080 Exon A Variante sin sentido
COL3A1 rs2138533 Chr.2:189837212 5UTR T Variante de gen corriente arriba
Marcadores de

ancestria (AIMs)

rs2695 rs2695 Chr.9:82884577 Intergenic T Variante intergénica
rs2862 rs2862 Chr.15:35145553 5'UTR C Variante de gen corriente arriba
SAP30L rs3340 Chr.5:153831867 Intron C Variante intronica
CKM rs4884 Chr.19 :45810035 - A Variante sinénima
rs722098 rs722098 Chr.21 :16685598 Intergenic A Variante intergénica
CA10 rs203096 Chr.17:50011769 Intron T Variante intronica
rs223830 rs223830 Chr.16:57451971 3'UTR C Variante de corriente abajo
DRD2 rs1800498 Chr.11:113291588 Intron A Variante intrénica
PRKCE rs2814778 Chr.1:159174683 5UTR C Variante en 5’UTR

MAF, frecuencia del alelo menor; AIMs, marcadores informativos de ancestria; variante sin
sentido, una variante de secuencia que tiene una o mas bases, dando como resultado una
secuencia de aminoacidos diferente, pero donde se conserva la longitud; variante intronica, una
variante de transcripcién que ocurre dentro de un intrén; variante de exén de transcripcién no
codificante, una variante de secuencia que cambia la secuencia de exén no codificante en una
transcripcion no codificante; variante de gen corriente arriba, una variante de secuencia
localizada en 5 'de un gen; variante de region de empalme, una variante de secuencia en la que
se ha producido un cambio dentro de la region del sitio de empalme, ya sea dentro de 1-3 bases
del exén o 3-8 bases del intrén; variante de gen corriente abajo, una variante de secuencia
ubicada en 3 'de un gen; variante de regién regulatoria, una variante de secuencia ubicada
dentro de una regién reguladora; variante sinénima, una variante de secuencia donde no hay
cambio resultante en el amino&cido codificado; variante intergénica, entre genes.

Para el analisis de los 42 SNPs junto con los de ancestria, se utilizé6 la
plataforma QuantStudio 12K Flex OpenArray Genotyping Plates (Life
Technologies) (Figura 10). Las muestras de ADN gendmico se normalizaron a
50 ng/ul para hacer una mezcla de 2,5 yl de ADN y 2,5 ul de TagMan OpenArray
Genotyping Master Mix (Thermo Fisher Scientific) en placas de 384 pocillos. Las
mezclas de cada muestra se cargaron en el equipo OpenArray, utilizando el
sistema de llenado AccuFill (Thermo Fisher Scientific). La amplificacion se llevo
a cabo siguiendo las especificaciones del fabricante. Los resultados en crudo se

analizaron utilizando el software TagMan Genotyper v1.2.
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Figura 10. Arreglo de baja densidad OpenArray. La tecnologia OpenArray utiliza chips con
micropozos de 300 um de didmetro y 300 um de profundidad, y un volumen de muestra con
master mix de 33 nL. En total son 3072 pozos en cada chip. Al seleccionar un arreglo con 128
polimorfismos, se pueden procesar 24 muestras por chip. Dentro de cada pocillo se lleva a cabo
una reaccion de PCR la cual utiliza sondas TagMan.
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6.4.4 Diagrama de flujo operacional

Seleccion de pacientes con Dx. de OA Seleccion del grupo control sin signos
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[ Analisis de resultados ]

6.4.4 Figura 11. Diagrama de flujo operacional

6.4.5. Andlisis estadistico

» Se calcul6 el equilibrio de Hardy-Weinberg (EHW) mediante el coeficiente

de endogamia (Fis); es decir, la heterocogocidad.
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Se calcularon las frecuencias génicas y alélicas en los dos grupos de
estudio utilizando la prueba de X% o bien, la prueba exacta de Fisher
cuando fue apropiado.

Para estimar riesgos de desarrollo de OA, se calcularon las razones de
momios (OR) mediante un analisis de regresion logistica multivariado con
un intervalo de confianza del 95%.

Con los 9 AlIMs se hizo un analisis de regresion logistica multivariado
ajustando por edad, género e IMC para evaluar el efecto de la
estratificacibon  poblacional sobre las asociaciones encontradas;
STRUCTURE v2.3.4.

Con el fin de evaluar el efecto de los SNPs con las variables clinicas, se
estratificaron a los pacientes por género y edad (etapa temprana, <50
afos; y edad tardia de OA, >50 afios).

Para evaluar el efecto individual de cada alelo, se hizo un analisis de
suma de efectos minimos de los polimorfismos que resultaron asociados.
Asi mismo, a partir de los alelos de SNPs individuales, se construyeron
haplotipos para determinar cual tiene mayor o menor efecto protector o de
riesgo.

Se hizo un analisis de interaccidbn gen-gen (epistasis) para evaluar si
existe un efecto sinérgico, antagonico o nulo entre los genes de riesgo y/o
proteccion que resultaron asociados al desarrollo de la OA, utilizando el
software Multifactor Dimensionality Reduction (MDR) v3.0.2 [54-59]; los
resultados de este andlisis fueron corroborados mediante modelos de
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regresion logistica. El valor de los ORs de los genotipos de alto y bajo
riesgo se calcularon de acuerdo al método descrito por Chung y cols. [60].
 Todos los valores con una p<0.05, se consideraron estadisticamente
significativos, y se calcularon con el software estadistico STATA v14.0

(StataCorp, Texas, USA).

7. RESULTADOS

Las variables demograficas (edad, género, IMC y lugar de origen) de los grupos
de estudio, se muestran en la Tabla 3. La edad promedio del grupo OA fue
mayor que el grupo control (p<0.0001, 51.3+13.5 vs. 43.6x11.3,
respectivamente). De la misma manera, el IMC fue significativamente mayor en
el grupo de pacientes con OA en comparacion con los controles (p<0.0001,
29.2+4.8 vs. 26.1+4.8 kg/cm?, respectivamente). En relacion al género, fue
mayor el femenino que el masculino en los dos grupos de estudio (88.0% en OA
y 70.0% en controles, p<0.0001); la distribucion por lugar de nacimiento, fue

similar en los dos grupos de estudio (p=0.146).
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Tabla 3. Caracteristicas de la poblacion de estudio

Parametro Total OA Control p
(n=401) (n=134) (n=267)

Edad (afios) 46.1+12.6  51.3¥13.5  43.6+x11.3 <0.0001

IMC (Kg/cm?) 27.245.0 29.2+4.8 26.1+4.8 <0.0001

Género

Femenino (%) 305 (76.0) 118(88.0) 187 (70.0) <0.0001*

Masculino (%) 96 (24.0) 16 (12.0) 80 (30.0)

Lugar de nacimiento

CDMX 192 (47.8) 71(52.9) 121 (45.3)  0.146*

Otros estados 209 (52.2) 63 (47.1) 146 (54.7)

Los datos estan expresados como media = DS; los valores de p se estimaron utilizando la
prueba de t de Student, a=0.05.

La distribucién de los polimorfismos en los grupos de estudio, fue consistente
con el EHW excepto para los polimorfismos HIF1AN rs11292, HIF1A rs11549465
and EGLNL1 rs1339894. En la Tabla 4 se muestran las frecuencias génicas y
alélicas de los 42 SNPs de la via de sefalizacion de HIF-1a y de los 9 AlMs
entre casos y controles (valores de OR crudos). Después de ajustar por edad,
género, IMC y ancestria, se encontraron asociaciones significativas anicamente
para 10 SNPs (Tabla 6): genotipos y alelos de bajo riesgo de desarrollar OA:
genotipo CC y alelo C de AKT2 rs8100018 (OR=0.17, 95% CI=0.05-0.55,
p=0.003, y OR=0.58, 95% CI=0.38-0.87, p=0.009, respectivamente), genotipo
CT y alelo T de AGER rs2070600 (OR=0.05, 95% CI=0.00-0.47, p=0.008, y
OR=0.23, 95% CI=0.08-0.64, p=0.005, respectivamente), genotipo AG de
HIF1AN rs11292 (OR=0.37, 95% CI=0.14-0.96, p=0.04), genotipo AA y alelo A
de EGLNL1 rs1339894 (OR=0.05, 95% CI=0.00-0.45, p=0.007, y OR=0.39, 95%
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Cl=0.22-0.70, p=0.001, respectivamente), genotipo AA de VEGFA rs1570360
(OR=0.31, 95% CI=0.10-0.93, p=0.03), y genotipo GA de COL2A1 rs1793953
(OR=0.48, 95% CI=0.28-0.82, p=0.008). Por otro lado, los genotipos y alelos de
alto riesgo fueron AG de GSK3B rs6438552 (OR=2.58, 95% Cl=1.16—4.45,
p=0.01), CT y alelo T de HIF1A rs11549465 (OR=3.14, 95% CI=1.82-5.42,
p=0.000, y OR=2.07, 95% CI=1.33-3.23, p=0.001, respectivamente), AT y alelo
T de IGF1 rs2288377 (OR=1.86, 95% CI=1.08-3.20, p=0.02, y OR=1.63, 95%
Cl=1.01-2.63, p=0.04, respectivamente), y el GA y alelo A de IGF1 rs35767
(OR=2.00, 95% CI=1.17-3.42, p=0.01, y OR=1.51, 95% CI=1.02—2.25, p=0.03,

respectivamente).

Tabla 4. Distribucion de los SNPs de la via de sefializacion de HIF-1a en casos OA y controles
(valores crudos).

Gen (SNP rs ID) OA Controles OR (95% IC) p
N (%) N (%)

PIK3R1 (rs3730089)

GG 36 (47.4) 35(44.9) 1.00 (referencia)

GA 34 (44.7) 33(42.3) 1.08 (0.53-2.18) 0.835
AA 6 (7.89) 10 (12.8) 0.84 (0.24 —2.90) 0.789
G 106 (69.7) 103 (66.0)

A 46 (30.3) 53(34.0) 0.98 (0.59 - 1.62) 0.943
AKT2 (rs8100018)

GG 44 (55.0) 46 (56.8) 1.00 (referencia)

GC 33 (41.2) 25(30.9) 1.46 (0.72-2.93) 0.288
cc 3(3.75) 10 (12.3) 0.39 (0.09 —1.60) 0.193
G 121(75.6) 117 (72.2)

Cc 39 (24.4) 45 (27.8) 0.92 (0.54 —1.56) 0.764
GSK3B (rs6438552)

AA 21 (33.3) 24 (38.1) 1.00 (referencia)

AG 30 (47.6) 23(36.5) 1.58 (0.68 —3.65) 0.281
GG 12 (19.0) 16 (25.4) 0.98 (0.35-2.71) 0.978
A 72 (57.1) 71 (56.3)

G 54 (42.9) 55(43.7) 1.05 (0.62-1.77) 0.850
IL6 (rs1474347)

AA 67 (83.7) 61 (72.6) 1.00 (referencia)

AC 12 (15.0) 19 (22.6) 0.67 (0.29 —1.56) 0.358
CC 1(1.25) 4(4.76) 0.21 (0.02-2.12) 0.188
A 146 (91.2) 141 (83.9)

C 14 (8.8) 27 (16.1) 0.55 (0.27-1.12) 0.100
AGER (rs2070600)

cC 53 (94.6) 95 (88.0) 1.00 (referencia)

CT 1(1.79) 5(4.63) 0.32 (0.03-3.05) 0.323
TT 2 (3.57) 8(7.41) 0.50 (0.09 -2.60) 0.415
C 107 (95.5) 195 (90.3)
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(1.00 — 3.87)
(0.10 - 31.0)
(0.95 - 3.09)
(referencia)

(0.48 — 2.00)
(0.46 — 2.57)
(0.67 — 1.59)
(referencia)

(0.57 - 2.72)
(0.00 —1.39)
(0.39 - 1.47)
(referencia)

(0.74 - 3.17)
(0.01 - 3.66)
(0.62 — 2.16)
(referencia)

(0.59 — 2.55)
(0.12 - 1.31)
(0.45 - 1.30)
(referencia)

(0.77 — 3.62)
(0.20 — 1.25)
(0.47 — 1.24)
(referencia)

(0.62 — 2.26)
(0.32-3.71)
(0.68 —1.76)
(referencia)

(0.51-2.24)
(0.40 — 2.28)
(0.63 —1.51)
(referencia)

(0.73-2.71)
(0.35 - 2.15)
(0.66 — 1.54)
(referencia)

(0.35-1.31)
(0.24 — 2.99)

0.766
0.484

0.453

0.029

0.739

0.144

0.049

0.670

0.071

0.959

0.846

0.859

0.575

0.089

0.421

0.246

0.277

0.644

0.565

0.132

0.340

0.190

0.145

0.285

0.603

0.889

0.700

0.852

0.932

0.942

0.302

0.761

0.951

0.251
0.800
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A
COL2A1 (rs1793953)
@S

GA

AA

@

A
COL3A1 (rs1800255)
@S

GA

AA

@

A

COL3A1 (rs2138533)
cc

cT

T

c

T

34 (20.2)

35 (39.3)
35 (39.3)
19 (21.4)
105 (59.0)
73 (41.0)

35 (41.7)
42 (50.0)
7 (8.30)
112 (66.7)
56 (33.3)

21 (26.6)
46 (58.2)
12 (15.2)
88 (55.7)
70 (44.3)

57 (22.4)

32 (24.6)
78 (60.0)
20 (15.4)
142 (54.6)
118 (45.4)

30 (38.0)
46 (58.2)
3(3.80)
106 (67.1)
52 (32.9)

30 (40.5)
30 (40.5)
14 (19.0)
90 (60.8)
58 (39.2)

0.78
1.00
034
0.67
0.72
1.00
1.04
2.08
1.15
1.00
1.28

1.29

(0.47 - 1.30)
(referencia)

(0.17 - 0.67)
(0.28 — 1.59)
(0.47 - 1.09)
(referencia)

(0.52 — 2.06)
(0.45 — 9.50)
(0.70 - 1.87)
(referencia)

(1.19 - 5.59)
(0.47 — 3.45)

(0.80 - 2.07)

0.353

0.002

0.364

0.126

0.906

0.342

0.568

0.016

0.623

0.291
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TT 68 (89.5) 104 (81.3) 1.00 (referencia)

TC 8 (10.5) 21(16.4) 0.61 (0.24—1.54)  0.305
cc 0 (0.00) 3(2.30) - - -

T 144 (94.7) 229 (89.5)

c 8 (5.26) 27 (10.5) 047 (0.20—1.09)  0.082

OA, pacientes con OA; OR, razén de momios; IC, intervalo de confianza; Los valores de p
significativos se muestran en negrita.

|:| Polimorfismos que activan a HIF-1a
[ | Polimorfismos que interactian con HIF-1a
|:| Polimorfismos inducidos por HIF-1a

|:| Marcadores de ancestria

Analisis por ancestria

En los estudios de casos y controles, y cuando exista el interés de realizar
analisis sobre el efecto que pudiera tener la ancestria (como una variable mas),
bien vale la pena utilizar marcadores con una frecuencia poblacional conocida.
En la Tabla 5 se muestra la distribucion del alelo de menor frecuencia (MAF) en
el grupo control, grupo de OA, y su comparacion con los datos obtenidos de una
base publica (proyecto 1000 genomas [Ref. 49]). Ademas, en la misma tabla se
indican las diferencias en frecuencias alélicas (&) entre poblaciones Africanas,

Europeas y Amerindias reportadas previamente [52, 53].
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Tabla 5. Distribucién del MAF en grupo control, grupo OA y en proyecto 1000 genomas, y Su

comparacion con las principales poblaciones que conforman al mestizo Mexicano.

AlMs ID rs Nombre del MAF | Grupo | Grupo Proyecto Afr Eur Al Afr/Eur | Afr/Al | Eur/Al
marcador control OA 1000 ®) ®) ®)
genomas
rs2695 WI-11909 C 0.28 0.29 0.40 0.81 0.86 | 0.22 0.05 0.59 0.64
rs2862 WI-14319 T 0.50 0.45 0.41 0.38 | 0.17 | 0.69 0.21 0.30 0.51
rs3340 WI-17163 C 0.43 0.48 0.48 0.06 | 0.19 | 0.65 0.13 0.59 0.47
rs4884 CKM G 0.40 0.28 0.42 0.15 0.29 | 0.86 0.13 0.71 0.57
rs722098 TSC0050288 G 0.47 0.39 0.42 0.90 | 0.18 | 0.72 0.73 0.19 0.54
rs203096 TSC0745571 T 0.51 0.52 0.50 0.65 | 0.72 | 0.28 0.07 0.37 0.44
rs223830 rs223830 C 0.45 0.46 0.40 0.03 | 0.19 | 0.64 0.16 0.62 0.45
rs1800498 | DRD2-Taq A 0.27 0.27 0.33 0.14 | 0.65 | 0.09 0.51 0.05 0.56
rs2814778 | FY-null C 0.10 0.05 0.03 0.00 | 0.99 | 0.99 0.99 0.99 0.00

AlMs=marcadores informativos de ancestria; MAF=alelo de menor frecuencia; OA=osteoartritis;
Afr=poblaciéon Africana; Eur=poblacion Europea; Al=poblacién Amerindia; O=representa la

diferencia de frecuencias alélicas entre los valores de las poblaciones indicadas.

En la Figura 12 se muestra de manera global la estructura ancestral de los tres

principales componentes de las poblaciones analizadas (suma de las dos

poblaciones estudiadas, CDMX y de Guadalajara, P1y P2, respectivamente).
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O P1
O p2
@ AFR
® EUR
@® AVR

Figura 12. Principales componentes ancestrales de las poblaciones analizadas. AFR, poblacion
africana; EUR, poblacion europea; AMR, poblacién amerindia.

Una vez conocida la distribucion de los AIMs en nuestro estudio, se ajustaron los
resultados por ancestria de los polimorfismos asociados mediante una regresion

logistica (Tabla 6).
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Tabla 6. Asociacién de los polimorfismos de la via de sefializacién de HIF-1a en pacientes con

OAy controles.

Gen SNP rs ID OA Controles OR (95% ClI) p
N (%) N (%)

AKT2 rs8100018

GG 70 (58.3) 80 (46.5) 1.00 Reference

GC 46 (38.3) 61 (35.5) 0.91 (0.53-157) 0.74

cc 4 (3.40) 31(18.0) 0.17 (0.05- 0.55) 0.003

G 186 (77.5) 221 (64.2) 1.00 Reference

C 54 (22.5) 123 (35.8) 0.58 (0.38-—0.87) 0.009
GSK3B rs6438552

AA 37 (35.9) 57 (50.9) 1.00 Reference

AG 49 (47.6) 34 (30.4) 2.28 (1.16 —4.45) 0.01

GG 17 (16.5) 21(18.7) 1.35 (0.58-—3.11) 0.474

A 123 (59.7) 148 (66.1) 1.00 Reference

G 83 (40.3) 76 (33.9) 1.37 (0.89-2.12) 0.15
AGER rs2070600

CcC 94 (96.9) 179 (84.0) 1.00 Reference

CT 1 (1.00) 26 (12.2)  0.05 (0.00 - 0.47) 0.008

TT 2 (2.10) 8 (3.80) 0.56 (0.10-3.07) 0.50

C 189 (97.4) 384 (90.1) 1.00 Reference

T 5 (2.60) 42 (9.90)  0.23 (0.08 — 0.64) 0.005
HIF1A rs11549465

CcC 51 (40.5) 105 (67.3) 1.00 Reference

CT 75 (59.5) 50 (32.0) 3.14 (1.82-5.42) 0.000

TT 0 (0.00) 1(0.70) - - -

C 177 (70.2) 260 (83.3) 1.00 Reference

T 75 (29.8) 52 (16.7)  2.07 (1.33-3.23) 0.001
HIF1AN rs11292

AA 87 (76.3) 106 (65.4) 1.00 Reference

AG 9 (7.90) 26 (16.1)  0.37 (0.14 - 0.96) 0.04

GG 18 (15.8) 30 (18.5) 0.90 (0.43-1.85) 0.77

A 183 (80.3) 238 (73.5) 1.00 Reference

G 45 (19.7) 86 (26.5) 0.78 (0.49-1.24) 0.30
EGLN1 rs1339894

GG 103 (84.4) 123 (73.6) 1.00 Reference

GA 18 (14.8) 22(13.2)  1.07 (0.51-2.22) 0.85

AA 1(0.80) 22 (13.2) 0.05 (0.00 —0.45) 0.007

G 224 (91.8) 268 (80.2) 1.00 Reference

A 20 (8.20) 66 (19.8)  0.39 (0.22-0.70) 0.001
VEGFA rs1570360

GG 68 (61.3) 125 (53.0) 1.00 Reference

GA 38 (34.2) 78 (33.0) 0.97 (0.56 —1.67) 0.92

AA 5 (4.50) 33 (14.0) 0.31 (0.10-0.93) 0.03

G 174 (78.4) 328 (69.5) 1.00 Reference

A 48 (21.6) 144 (30.5) 0.69 (0.46 —1.05) 0.08
COL2A1 rs1793953

GG 53 (40.5) 66 (25.5) 1.00 Reference

GA 54 (41.2)  145(56.0)  0.48 (0.28 —0.82) 0.008

AA 24 (18.3) 48 (18.5) 0.67 (0.34-1.34) 0.26

G 160 (61.1) 277 (53.5) 1.00 Reference

A 102 (38.9) 241(46.5)  0.76 (0.54—1.07) 0.11
IGF1 rs2288377

AA 71 (61.2) 176 (75.2) 1.00 Reference

AT 44 (37.9) 56 (23.9) 1.86 (1.08 —3.20) 0.02

TT 1 (0.90) 2 (0.90) 157 (0.12-19.8) 0.72

A 186 (80.2) 408 (87.2) 1.00 Reference

T 46 (19.8) 60 (12.8)  1.63 (1.01-2.63) 0.04
IGF1 rs35767

GG 57 (47.5) 137 (59.8) 1.00 Reference

GA 55 (45.8) 72 (31.4)  2.00 (1.17 -3.42) 0.01

AA 8 (6.70) 20 (8.70) 143 (0.55-3.71) 0.45

G 169 (70.4) 346 (75.5) 1.00 Reference

A 71(29.6)  112(24.5) 151 (1.02 —2.25) 0.03
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OR, razén de momios; IC, intervalo de confianza; valor de p ajustado por edad, género, IMC y
ancestria, en un modelo de regresién logistica.

Estratificacién por género

Al estratificar por género, se identificaron 3 SNPs asociados significativamente
Gnicamente en el grupo de mujeres. El genotipo CT del polimorfismo HIF1AN
rs11190613 (OR=0.32, IC 95%=0.11-0.91, p=0.03) y el genotipo GA del
polimorfismo COL2A1 rs1793953 (OR=0.28, IC 95%=0.12-0.68, p=0.005) se
asociaron con proteccion para OA; y tanto el genotipo GA como el alelo A del
polimorfismo IGF1 rs35767 se asociaron con un mayor riesgo de OA (OR=2.55,
IC 95%=1.14-5.72, p=0.02, y OR=2.18, IC 95%=1.20-3.96, p=0.01,

respectivamente) (Tabla 7).

Tabla 7. Asociacion de los polimorfismos de la via de sefializacién de HIF-1a en pacientes con
OA y controles estratificados por género.

Gen (SNP rs ID) OA Controles OR (95% IC) p OA Controles OR (95% IC) p
N (%) N (%) N (%) N (%)

HIF1AN (rs11190613)

TT 59 (78.7) 43 (62.3) 1.00 Reference 9(81.8) 17 (80.9) 1.00 Reference

CT 9 (12.0) 22 (31.9) 0.32 (0.11-0.91) 0.03 2(18.2) 3(143) 161 (0.13-19.7) 0.70

CcC 7(9.3) 4(5.8) 0.99 (0.22-4.48) 0.99 0(0.0) 1(4.8) - - -

T 127 (84.7) 108(78.3) 1.00 Reference 20 (90.9) 37(88.1) 1.00 Reference

C 23 (15.3) 30(21.7) 0.61 (0.30-1.25) 0.18 2(9.1) 5(11.9) 055 (0.07-3.89) 0.55

VEGFA (rs1570360)

GG 37 (58.7) 39 (52.0) 1.00 Reference 6 (66.7) 16 (48.5) 1.00 Reference

GA 24 (38.1) 21(28.0) 1.60 (0.66—3.88) 0.29 3(33.3) 12 (36.4) 0.77 (0.11-5.09) 0.79

AA 2(3.2) 15(20.0) 0.29 (0.05-1.59) 0.15 0(0.0) 5(15.1) - - -

G 98 (77.8) 99 (66.0) 1.00 Reference 15 (83.3) 44 (66.7) 1.00 Reference

A 28 (22.2) 51(34.0) 0.81 (0.43-1.53) 0.53 3(16.7) 22(33.3) 0.28 (0.05-1.40) 0.13

VEGFA (rs729761)

GG 62 (81.6) 59 (67.8) 1.00 Reference 10 (90.9) 27 (69.2) 1.00 Reference

GT 12 (15.8) 26 (29.9) 0.61 (0.25-1.48) 0.27 1(9.1) 10 (25.6) 0.38 (0.03-3.91) 0.42

TT 2(2.6) 2(23) 032 (0.03-3.21) 0.35 0(0.0) 2(5.2) - - -

G 136 (89.5) 144 (82.8) 1.00 Reference 21 (95.5) 64 (82.0) 1.00 Reference

T 16 (10.5) 30 (17.2) 0.58 (0.27-1.24) 0.16 1(4.5) 14 (18.0) 0.17 (0.01-1.51) 0.11

COL2A1 (rs1793953)

GG 32 (41.6) 21(23.6) 1.00 Reference 3(27.3) 11(27.5) 1.00 Reference

GA 28 (36.4) 54 (60.7) 0.28 (0.12-0.68) 0.005 6 (54.5) 23 (57.5) 3.08 (0.41-22.6) 0.26

AA 17 (22.0) 14 (15.7) 0.82 (0.27-2.43) 0.72 2(18.2) 6(15.0) 1.68 (0.13-20.5) 0.68

G 92 (59.7) 96 (53.9) 1.00 Reference 12 (54.6) 45 (56.2) 1.00 Reference
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A 62 (40.3) 82(46.1) 0.80 (0.48-1.34) 0.40 10 (45.4) 35(43.8) 143 (0.48-4.20)
COL3A1 (rs2138533)

CcC 20 (28.6) 23(41.1) 1.00 Reference 1(11.2) 7(38.9) 1.00 Reference
CT 39 (55.7) 23(41.1) 2.38 (0.96 -5.86) 0.06 7(77.8) 7(38.9) 9.37 (0.40-217)
TT 11 (15.7) 10(17.8) 1.34 (0.41-4.35) 0.62 1(11.1) 4(22.2) 1.16 (0.01-99.6)
C 79 (56.4) 69 (61.6) 1.00 Reference 9 (50.0) 21(58.3) 1.00 Reference

T 61 (43.6) 43(38.4) 130 (0.74-2.27) 0.36 9 (50.0) 15(41.7) 122 (0.27-5.47)
IGF1 (rs35767)

GG 27 (38.6) 46 (63.0) 1.00 Reference 7 (77.8) 13(48.2) 1.00 Reference
GA 37 (52.9) 23(31.5) 255 (1.14-5.72) 0.02 2(22.2) 7(259) 119 (0.11-125)
AA 6 (8.5) 4(5.5) 415 (0.89-19.2) 0.07 0(0.0) 7 (25.9) - -

G 91 (65.0) 115(78.8) 1.00 Reference 16 (88.9) 33(61.1) 1.00 Reference

A 49 (35.0) 31(21.2) 2.18 (1.20-3.96) 0.01 2(111) 21(38.9) 0.18 (0.02-1.23)

0.51
0.16
0.94
0.79

0.88

0.81

OR, razén de momios; IC, intervalo de confianza; valores de p significativos estan en negritas.

Estratificacion por edad

Cuando se realiz6 el andlisis en grupos clasificados como OA en etapa temprana
(=50 anos) y en OA en etapa tardia (>50 afios), se observd que tanto el genotipo
GT heterocigoto (OR=0.14, IC 95%=0.02-0.96, p=0.04) como el alelo T
(OR=0.16, IC 95%=0.04-0.66, p=0.01) del polimorfismo rs729761 del gen
VEGFA se asociaron con proteccién en el grupo de >50 afios; mientras que el
genotipo heterocigoto GA del polimorfismo rs1793953 del gen COL2Al se
asocié con proteccion (OR=0.32, IC 95%=0.13-0.77, p=0.01), pero sélo en el
grupo de <50 afos. Por otro lado, el genotipo heterocigoto CT del polimorfismo
rs2138533 del gen COL3A1 (OR=3.03, IC 95%=1.12-8.20, p=0.02), y el genotipo
GA heterocigoto del polimorfismo rs35767 del gen IGFl1 (OR=2.46, IC
95%=1.02-5.95, p=0.04) se asociaron con un mayor riesgo de desarrollar OA en

el grupo de <50 afios (Tabla 8).
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Tabla 8. Asociacion de los polimorfismos de la via de sefializacion HIF-1a en pacientes
estratificados por grupos de OA en estadio temprano (<50 afos) y OA en estadio tardio (>50

anos).
<50 anos >50 afios
Gen (SNP rs ID) OA Controles OR (95% IC) p OA Controles OR (95% IC) p
N (%) N (%) N (%) N (%)
HIF1AN (rs11190613)
TT 43 (79.6) 43 (62.3) 1.00 Reference 25 (78.1) 17 (80.9) 1.00 Reference
CT 8(14.8) 22(31.9) 0.38 (0.14-1.05)  0.06 3(9.4) 3(143) 048 (0.05-431) 051
cc 3(5.6) 4(5.8) 061 (0.10-3.66) 059 4(12.5) 1(4.8) 1.08 (0.07-15.9) 0.95
T 94 (87.0) 108 (78.3) 1.00 Reference 53 (82.8) 37(88.1) 1.00 Reference
C 14 (13.0) 30(21.7) 051 (0.23-1.12) 0.09 11 (17.2) 5(11.9) 0.82 (0.19-3.42) 0.78
VEGFA (rs1570360)
GG 26 (57.8) 43 (53.1) 1.00 Reference 17 (63.0) 12 (44.4) 1.00 Reference
GA 18 (40.0) 23(28.4) 2.08 (0.80-5.42) 0.13 9(33.3) 10(37.0) 0.47 (0.09-2.33) 0.36
AA 1(222) 15(185) 0.17 (0.02-1.53) 0.11 1(3.7) 5(18.6) 0.27 (0.01-454) 0.36
G 70 (77.8) 109 (67.3) 1.00 Reference 43 (79.6) 34 (63.0) 1.00 Reference
A 20 (22.2) 53(32.7) 0.79 (0.40-1.56) 0.50 11 (20.4) 20(37.0) 051 (0.16-1.62) 0.25
VEGFA (rs729761)
GG 43 (81.1) 69 (71.1) 1.00 Reference 29 (85.3) 17 (58.6) 1.00 Reference
GT 9 (17.0) 27 (27.8) 083 (0.32-2.13) 0.70 4(11.8) 9(31.00 0.14 (0.02-0.96) 0.04
TT 1(1.9) 1(1.1) 0.38 (0.01-951) 055 1(2.9) 3(10.4) 0.08 (0.00-2.23) 0.14
G 95(89.6) 165(85.0) 1.00 Reference 62 (91.2) 43 (74.1) 1.00 Reference
T 11 (10.4) 29 (15.0) 0.78 (0.34-1.78) 0.55 6 (8.8) 15(25.9) 0.16 (0.04-0.66) 0.01
COL2A1 (rs1793953)
GG 25 (46.3) 23(23.2) 1.00 Reference 10 (29.4) 9(30.0) 1.00 Reference
GA 18 (33.3) 62 (62.6) 0.32 (0.13-0.77) 0.01 16 (47.1) 15(50.0) 1.04 (0.21-4.96) 0.95
AA 11 (20.4) 14(142) 119 (0.39-3.60) 075 8(23.5) 6(20.0) 115 (0.19-6.71) 0.87
G 68 (63.0) 108 (54.6) 1.00 Reference 36 (52.9) 33(55.0) 1.00 Reference
A 40 (37.0) 90(45.4) 0.88 (0.51-1.51) 0.64 32(47.1) 27(45.0) 1.07 (0.44-258) 0.87
COL3A1 (rs2138533)
CcC 11 (22.0) 23(40.4) 1.00 Reference 10 (34.5) 7(41.2) 100 Reference
CT 31 (62.0) 23(40.3) 3.03 (1.12-8.20) 0.02 15(51.7) 7(412) 2.08 (0.38-11.4) 0.39
TT 8(16.0) 11(19.3) 158 (0.43-5.72) 0.48 14(13.8) 3(17.6) 116 (0.13-9.90) 0.89
C 53 (53.0) 69 (60.5) 1.00 Reference 35 (60.3) 21(61.8) 1.00 Reference
T 47 (47.0) 45(39.5) 1.38 (0.76 —2.50) 0.28 23(39.7) 13(38.2) 122 (0.41-3.60) 0.71
IGF1 (rs35767)
GG 19 (39.6) 45 (58.4) 1.00 Reference 15 (48.4) 14 (60.9) 1.00 Reference
GA 24 (50.0) 23(29.9) 2.46 (1.02-5.95) 0.04 15 (48.4) 7(30.4) 151 (0.33-6.86) 0.58
AA 5 (10.4) 9(11.7) 170 (043-6.77) 0.44 1(3.2) 2(8.7) 238 (0.09-60.3) 0.59
G 62 (64.6) 113 (73.4) 1.00 Reference 45 (72.6) 35(76.1) 1.00 Reference
A 34(35.4) 41(266) 1.67 (0.90-3.08) 010 17(27.4) 11(23.9) 1.45 (0.47-4.46) 0.50

OR, razén de momios; IC, intervalo de confianza; valores de p significativos estan en negritas.

Suma de efectos minimos

Conociendo los nuevos valores de OR, se hizo un andalisis de suma de efectos

minimos; es decir, se sumo el efecto independiente de cada alelo para conocer

la tendencia de riesgo y proteccion.
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Grafica 1. Suma de efectos minimos de polimorfismos con valor de p significativa.

Alelos de proteccién Alelos de riesgo
12 25
2.03
1+ o)
0.8
1 1
0.4
0.2 0.5
0 - 0 -
0 1 2 3 0 1 o 3
O=referencia O=referencia
1=un alelo de proteccién, p=0.20 [0.39 — 1.21] 1=un alelo de riesgo, p=0.22 [0.40 — 1.23]
2=dos alelos de proteccion, p=0.33 [0.41 — 1.34] 2=dos alelos de riesgo, p=0.90 [0.56 — 1.92]

3=tres 0 mas alelos de proteccién, p=0.015 [0.22 — 0.84] 3=tres 0 mas alelos de riesgo, p=0.035 [1.04 — 3.92]

p de tendencia = 0.023 p de tendencia = 0.037

Gréfica 1. Suma de efectos minimos de los alelos de proteccién y de riesgo. Cada vez que se
suma un alelo (de proteccién o de riesgo), el efecto biolégico es inversamente o directamente
proporcional, respectivamente. En el caso de los polimorfismos de proteccion, tener tres 0 mas
alelos, genera mayor proteccion hacia el desarrollo de OA (p=0.015); en el caso de
polimorfismos de riesgo, tener tres o mas alelos, genera mayor riesgo de desarrollar OA
(p=0.035).

Andlisis de haplotipos

Por definicion, un haplotipo es un conjunto de alelos de un gen en particular que
estan estadisticamente asociados. Debido a la herencia en bloque de ciertos
alelos o genes, esto permite conocer la co-participacion de mas de un SNP en el
desarrollo de una enfermedad en particular. En este trabajo evaluamos qué
haplotipos (de los polimorfismos que resultaron asociados) tienen importancia en

el desarrollo de la OA (Tabla 9). Debido al disefio en la construccion de
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haplotipos, solo se presentan aquellos que alcanzaron un valor de N suficiente

para el andlisis.

Tabla 9. Analisis de haplotipos de polimorfismos con valor de p significativa.

Gen Haplotipo OR IC 95% p

HIF1A  rs2057482 rs11549465 rs11549467
C C G 1.00 Ref
C T G 259 136-4.94 0.004

IGF1 rs35767 rs228377
G A 1.00 Ref
A A 132 0.72-243 0.35
A T 169 1.02-2.80 0.038

OR, razén de momios; IC, intervalo de confianza; p, valor ajustado por ancestria.

Observamos que los haplotipos CTG y AT de los genes HIF1A e IGF1,
respectivamente, se asociaron con riesgo al desarrollo de OA (OR=2.59,
p=0.004, IC 95%=1.36-4.94; OR=0.21; y p=1.69, IC 95%=1.02—-2.80,

respectivamente).

Interaccion gen-gen

La epistasis o0 epistasia es la interaccion entre diferentes genes al expresar un
determinado caracter fenotipico; es decir, cuando la expresion de uno o mas
genes dependen de la expresion de otro gen. Sucede cuando la accion de un
gen se ve modificada por la accion de uno o varios genes. Al gen cuyo fenotipo
se esta expresando se le llama epistatico, mientras que al fenotipo alterado o
suprimido se le llama hipostatico. Este fenomeno puede darse tanto entre genes

gue segreguen de forma independiente, como entre loci que estén ligados; si
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bien, en el caso de genes ligados variaran las frecuencias fenotipicas esperadas
en la descendencia debido a los efectos de la recombinacion. La epistasia y la
interaccion genética se refieren al mismo fendmeno; sin embargo, la palabra
epistasia se usa sobre todo en genética de poblaciones y hace referencia

concretamente a las propiedades estadisticas del fenomeno.

La Tabla 10 resume los resultados del andlisis exhaustivo de MDR, que analiza
todas las combinaciones posibles de los polimorfismos estudiados. Segun el
analisis de MDR, el mejor modelo incluye a los polimorfismos AKT2 (rs8100018)
e IGF1 (rs2288377). Este modelo tiene una prueba de precision equilibrada de
0.7678, una consistencia de validacién cruzada de 10/10 y un valor p de
interaccion=0.0010. Ademas, este valor de p también se confirmé a través de

modelos de regresion logistica, con un valor p de interaccion=0.0006.

Tabla 10. Resultados del analisis MDR

Numero | Modelo Training | Testing Cross- p* p**
de Bal Acc | Bal Acc validation
locus consistency
1 COL2A1 rs1793953 0.6044 | 0.5005 6/10 | 0.828 | 0.039
2 AKT2 rs8100018, IGF1 rs2288377 | 0.7678 0.7678 10/10 | 0.001 | 0.0006
3 GSK3B_rs6438552, IGF1_rs35767, | 0.8086 0.7698 8/10 | 0.001 | 0.009
COL2A1 rs1793953

*Valores de p se basaron en 1000 permutaciones
**\/alores de p obtenidos por modelos de regresion logistica
MDR, multifactor dimensionality reduction; Testing Bal Acc, prueba de precision equilibrada
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La Figura 13 muestra el mapa de interaccién de los polimorfismos estudiados,
basado en medidas de entropia entre variables individuales. Se observd un
efecto de interaccion fuerte entre los polimorfismos rs8100018 (AKT2) y
rs2288377 (IGF1); rs8100018 (AKT2) y rs35767 (IGF1); rs35767 (IGF1) y
rs1793953 (COL2A1); y entre el rs6438552 (GSK3B) y rs35767 (IGF1), con
valores de informacién de ganancia de 21.24%, 8.37%, 9.93% y 5.73%,

respectivamente.

COL2A1_rs1793953
2.93%

GF1_rs3576
1.92%

GSK3B_rs6438552
0.60%

Figura 13. Epistasis de la via de sefalizacion de HIF-1a y el riesgo de desarrollar OA. Los
valores dentro de los nodos indican ganancia de informacion (Gl) de atributos individuales o
efectos principales; mientras que los valores entre nodos muestran Gl de combinaciones por
pares de atributos o efectos de interaccion. La entropia positiva (trazada en rojo o naranja) indica
interaccién; mientras que la entropia negativa (representada en verde) indica redundancia (o
nula interaccion).
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Asimismo, nuestro modelo nos permiti6é identificar genotipos de alto riesgo con

tres locus, COL2A1 (rs1793953), GSK3B (rs6438552) e IGF1 (rs35767), y los

mas

representativos fueron [GA+AG+GA], OR=indeterminado, [GA+GG+GA],

OR=8.0 y [GG+AG+GG], OR=2.5; y genotipos de bajo riesgo [GA+AA+GA],

OR=0.23, [GA+AG+GG], OR-=indeterminado, Y [GA+GG+GG], OR=indeterminado,

respectivamente. También identificamos genotipos de alto riesgo con dos locus,

para AKT2 (rs8100018) e IGF1 (rs2288377), [GG+AA], OR=2.08 y [GC+AT],

OR=13.6; y genotipos de bajo riesgo [GC+AA], OR=0.09 y [GG+AT],

OR=indeterminado, respectivamente (Figura 14).

()
>

IGF1_rs35767

GG

3

>
=

IGF1_rs2288377

T

COL2A1_rs1793953

AA GA GG
GSK3B_rs6438552 GSK3B_rs6438552 GSK3B_rs6438552
AA AG GG AA AG GG AA AG GG
40 4.0 40 LD
29 00 [ 00 | 00 00 — | 00 []
26.0
16.0 16.0
8.0 40
39 o0 | 00 20 | 20 [T] 349, 0.0 - 10 00
25.0 21.0 24.0
12.0 13.0
60 7.0 8.0
[l [NE29 0 00 00 |_| J
AKT2_rs8100018 Figura 14. Distribucién de genotipos de alto r_ies_go y bajo riesgo
cc Ge GG en el mejor modelo de dos y tres locus. La distribucion muestra
a0 | 4829 460 genotipos de alto riesgo (sombreado oscuro) y de bajo riesgo
(sombreado claro) asociados con OA de rodilla en la interaccion
40 100 de dos y tres locus detectada por el analisis de MDR. El
d 2.0 N . . . .
= — porcentaje de sujetos osteoartriticos (barra negra izquierda en
%0 cajas) y sujetos control (barra sombreada derecha en cajas) se
23.0 muestra para cada combinacion de genotipo de dos y tres
10 50 59 | o0 locus. Las casillas se etiquetaron como de alto riesgo si la
—i — =

1.0

1.0

proporcién entre el porcentaje de casos y los controles cumplia
0 excedia el umbral de 1.0. Las cajas se etiquetaron como de
bajo riesgo si no se excedia el umbral. Basado en el patron de
genotipos de alto riesgo y bajo riesgo, este modelo de dos y
tres locus es evidencia de interaccion gen-gen.
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8. DISCUSION

La OA es la mas comun de las enfermedades articulares la cual resulta en una
carga economica importante a los sistemas de salud debido a los costos
asociados a la atenciéon médica. La patologia de la OA es muy compleja y desde
el punto de vista genético, se han realizado diversos estudios con el fin de
identificar genes con gran potencial para dianas terapéuticas [61]. Es bien sabido
gue la patogénesis de OA es multifactorial y su complejidad se debe
principalmente a su naturaleza poligénica. Dada esta naturaleza, ha sido dificil
probar las interacciones gen-gen asociadas con la OA de rodilla. El método MDR
se aplica para identificar las interacciones gen-gen que confieren susceptibilidad
a enfermedades comunes, incluidas la hipertension, el cancer de vejiga, la
diabetes tipo 2 y la artritis reumatoide [62]. Sin embargo, hasta la fecha, solo tres
publicaciones han evaluado las interacciones gen-gen mediante MDR en OA de
rodilla [59, 63]; y recientemente, el presente trabajo [64]. En este estudio
aplicamos el método MDR para evaluar la epistasis de los genes candidatos
relacionados con la via de sefalizacion de HIF-1a para la susceptibilidad de

desarrollo de OA de rodilla en la poblacién adulta mexicana-mestiza.

Nuestros principales hallazgos revelan importantes interacciones gen-gen entre
los polimorfismos rs8100018 (AKT2), rs1793953 (COL2A1), rs2288377 (IGF1),
rs35767 (IGF1), y rs6438552 (GSK3B) y el desarrollo de OA de rodilla. El
principal mecanismo de regulacion en la sintesis de HIF-1a para traducir sefiales

extracelulares al nucleo, es mediante la union de factores de crecimiento (como
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IGF-1), citocinas (como IL-6) y otros ligandos a receptores tirosina cinasas y G-
receptores acoplados a proteinas en la superficie de la célula, que conducen a la
activacion de la fosfatidilinositol-3-quinasa (PI3K) y las vias de MAPK [65-67];
ademas, la expresion de HIF-1a esta regulada a través de la via PI3K/AKT, y
ambas son importantes en los procesos de supervivencia celular y apoptosis.
Especialmente, la apoptosis de condrocitos puede regularse mediante la via de
sefializacion PI3K/AKT, la cual esta estrechamente relacionada con la aparicion
y desarrollo de osteoartritis, lo que sugiere que la via de sefalizacion PI3K/AKT
puede ser uno de los principales factores que destruyen el cartilago articular
[68]. En el presente trabajo, observamos una asociacion significativa entre el
polimorfismo AKT2 rs8100018 y el desarrollo de OA de rodilla. Observamos que
los portadores tanto del genotipo homocigoto GG como del alelo G menor del
polimorfismo rs8100018 muestran una asociacion con un menor riesgo de
desarrollo de OA. Hasta donde sabemos, los datos sobre las asociaciones entre
las variaciones genéticas comunes en el gen AKT2 y la OA de rodilla son
limitados. En patologias como el cancer de recto, la variante rs8100018 se
asocia con un bajo riesgo de cancer cuando los pacientes son tratados con
docetaxel y cetuximab, lo que sugiere que esta variante juega un papel en la
expresion de AKT2 [69]. También es probable que el polimorfismo AKT2
rs8100018 no sea una variante funcional, sino un marcador sustituto de la
variacion genética subyacente dentro de esa region gendémica. Por lo que se
requieren estudios adicionales para identificar el valor prondstico de la variacion
de AKT2 en una cohorte extendida de pacientes y también para conocer con
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certeza su impacto en la via de sefalizacion de HIF-1a y el desarrollo de OA de

rodilla.

Otro polimorfismo que evaluamos en este trabajo fue el rs1793953 del gen
COL2A1, el cual resulté asociado con proteccion contra la OA. Se sabe que este
gen codifica para la cadena alfa de la colagena tipo Il, que es el principal
componente de la matriz extracelular (MEC) del cartilago articular. Mutaciones
en el gen COL2A1 pueden causar un espectro de afecciones autosémicas
dominantes raras que podrian afectar la biosintesis de la colagena normal y
provocar el progreso de alguna enfermedad. Por ejemplo, se ha visto que
alteraciones en este gen se han asociado con OA de inicio temprano y en otros
desordenes cartilaginosos [70, 71]. Galvez y cols. analizaron un sitio polimérfico
dentro del gen COL2A1 en pacientes con OA primaria de rodilla, y los resultados
en crudo no evidenciaron alguna asociacion; sin embargo, cuando estratificaron
por grado radiologico, observaron una asociacion significativa con los pacientes
de grado 4 [72]. Por su parte, Valdes y cols. analizaron el polimorfismo
rs1635560 del gen COL2A1 en pacientes con OA, y encontraron una asociacion
con disminucion de riesgo de desarrollar OA de rodilla, pero Unicamente en
personas del género masculino (OR=0.68, p<0.005) [73]. En tanto que Deng y
cols. analizaron la variante rs1793953 del gen COL2A1 en pacientes con
degeneracion del disco intervertebral y observaron que los portadores del
genotipo AA se asociaron con menor riesgo a la enfermedad (OR=0.51,
p=0.004) [74]. Cabe destacar que la variante rs1793953 se localiza en un exén,
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lo que probablemente influya en los niveles de expresion de su proteina,
generando diferentes fenotipos de OA. Seran necesarios estudios adicionales
gue exploren otras variantes del gen COL2A1, incluyendo el polimorfismo

rs1635560, y poder dilucidar su participacion en la OA.

El factor de crecimiento tipo insulina-1 (IGF-1) es un mediador de naturaleza
polipeptidica de 70 aminoécidos con un potente efecto anabdlico sobre la
homeostasis del cartilago. El IGF-1 se expresa en el cartilago, donde puede
actuar de forma parécrina y autécrina para estimular la sintesis de MEC e inhibir
la degradacion de la matriz [75, 76], y tiene una estrecha relacién en la expresion
de HIF-1a en condiciones hipoxicas, como ocurre en el cartilago articular [76].
Por lo que respecta al gen IGF1, se sabe que participa en la sintesis de MEC por
parte de los condrocitos. Por otro lado, la formacion de osteofitos y variacion en
la densidad mineral 6sea, se correlacionan positivamente con niveles elevados
séricos de IGF-1; adicionalmente, IGF-1 regula la expresion de HIF-1a. Por lo
gue respecta a nuestro andlisis, pudimos observar que la presencia del
polimorfismo rs35767 en este gen confiere riesgo al desarrollo de OA, lo cual se
ve soportado con lo reportado por Meulenbelt y cols. [77]. Esto sugiere que
variaciones en el gen IGF1 pueden jugar un papel importante en la patogénesis
de la OA. El polimorfismo rs35767 es del tipo 5’UTR cuya funcion es regular el
proceso de la traduccion a través de varias estructuras secundarias que se
encuentran en los RNAm, y una de las consecuencias observadas en las
variantes tipo 5’'UTR es aumentar la actividad transcripcional.
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Adicionalmente, evaluamos el polimorfismo rs6438552 del gen GSK3B en
pacientes con artrosis de rodilla y observamos que los portadores del genotipo
AG heterocig6tico aumentan el riesgo de OA. Hasta la fecha no hay evidencia
cientifica de que el polimorfismo esté involucrado en la génesis de OA de rodilla
y de otras afecciones reumaticas, pero varios estudios sugieren que GSK-3 tiene
un papel proinflamatorio basado en los perfiles de citocinas durante su inhibicion.
Se ha demostrado que la inhibicibn de GSK-3 mejora la artritis inducida por
coldgena, y la artritis inducida por anticuerpos de coldgena en ratones, lo cual es
consistente con un papel proinflamatorio; sin embargo, su actividad puede tener
efectos procatabdlicos o condroprotectores segun el escenario patolégico, con
importantes implicaciones para el uso propuesto de los inhibidores de GSK-3

como agentes terapéuticos en la artritis [36].

Desde el punto de vista clinico, resultd interesante evaluar los polimorfismos
estratificando por género y grupos de edad. Al estratificar por género,
encontramos que la asociacion se perdié por completo en los hombres, y solo
tres polimorfismos (rs11190613 HIF1AN, rs1793953 COL2A1 y rs35767 IGF1)
permanecieron asociados en las mujeres; incluso, aumentando su significancia.
Esto hace suponer que pudieran existir otros factores (probablemente
hormonales) que participan en el desarrollo de OA y que se reflejan

principalmente en el género femenino.
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En cuanto al andlisis por edad, y con el fin de aproximarnos con la evolucién de
la enfermedad, clasificamos a los grupos de estudio en OA de etapa temprana
(=50 anos) y OA de etapa tardia (>50 afios), y encontramos que el polimorfismo
rs729761 del gen VEGFA se asoci6 con proteccion en el grupo de OA de etapa
tardia, incrementado su significancia con respecto al valor global. Se ha
demostrado que el VEGFA se asocia con el desarrollo de osteofitos [78], y
posiblemente el polimorfismo rs729761 desempefia un papel importante en la
regulacion del desarrollo de osteofitos. Por otro lado, en el grupo de OA de etapa
temprana, el polimorfismo rs1793953 de COL2A1 incrementd su significancia
hacia la proteccion; en tanto que los polimorfismos rs2138533 de COL3Al y
rs35767 de IGF1 incrementaron su significancia hacia el riesgo de desarrollar
OA. Estos resultados sugieren que la presencia de estos polimorfismos se
relacione con la progresion de la enfermedad; o bien, estar asociada a estados

patol6gicos mas o menos severos de la misma.

Para evaluar el efecto de todos los polimorfismos que individualmente se
asociaron con la OA de rodilla, se realiz6 un analisis de suma de efectos
minimos. Este analisis permite saber si existe un incremento en el riesgo o en la
proteccion de desarrollar OA, en tanto el nimero de alelos asociados aumente,
sin importar que sean polimorfismos de distintos genes o cromosomas; a este
respecto, pudimos observar claramente la suma de efectos minimos. El tener
tres 0 mas alelos de proteccion confiere menos de tres veces la posibilidad de
desarrollar OA, que el no tener ningun alelo de proteccién. Lo mismo sucede con
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los alelos de riesgo, a partir de tres alelos de riesgo, el efecto sobre el riesgo de

padecer OA de rodilla se incrementa de manera significativa.

Por otro lado, el andlisis de haplotipos permite evaluar si existen bloques o
grupos de polimorfismos que se segregan conjuntamente y que podrian
relacionarse con el desarrollo de la enfermedad. Nuestros resultados muestran
gue la presencia de los haplotipos CTG y AT de los genes HIF1A e IGF1,
respectivamente, esta significativamente asociada (p<0.05) con OA de rodilla
(Tabla 9), sugiriendo un papel importante en el desarrollo de OA. Se requiere

mAs investigacion para apoyar esto.

Finalmente, el andlisis de interaccibn gen-gen (0 de epistasis) nos permite
conocer si dos polimorfismos acttan de forma sinérgica, antagoénica o nula en el
riesgo o proteccion de desarrollar OA. Este analisis permite obtener un valor de
p para el efecto de dos polimorfismos y con ello tener evidencia de su
participacion conjunta en el fenotipo de interés. A diferencia de los analisis por
haplotipo y de suma de efectos minimos, el andlisis de interaccibn gen-gen
indica cual combinacién de dos polimorfismos tiene un efecto significativo en la
susceptibilidad a la enfermedad. Nuestro estudio nos permitid identificar cuatro
principales interacciones epistaticas mediante MDR con alto grado de sinergia
entre AKT2, IGF1, COL2A1 y GSK3B. Sin embargo, el grado de interaccién de
cada polimorfismo puede perderse si los genes se examinan individualmente sin
considerar las interacciones potenciales con otros genes, especialmente los de
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las vias relacionadas. La evaluacion de las interacciones entre genes no solo
aumenta la capacidad de deteccion, sino que también ayuda a comprender la
genética detras de las vias biolégicas y bioquimicas subyacentes de la
enfermedad [59]. Otro aspecto importante es que con el método MDR, se
identificaron genotipos de alto riesgo y bajo riesgo, lo que sugiere un papel
esencial de los polimorfismos implicados en la via de sefalizacién de HIF-1a en

el desarrollo de OA.

Consideramos que el presente estudio tiene fortalezas importantes que valen la
pena mencionar. a) La estratificacion de la poblacion no fue sesgada como un
factor de confusion, dado que incluimos la informacion sobre el origen étnico de
cada participante en los modelos de regresion evaluados por los AlIMs; b)
Nuestro estudio es el primero en evaluar una gran cantidad de genes
relacionados con la via de sefializacion HIF-1a y la OA de rodilla; y ¢) A
diferencia del andlisis genético clasico, nuestro enfoque principal destaca la
importancia de evaluar de manera integral el efecto de las variantes genéticas en

la OA de rodilla.

No obstante, estamos conscientes de las limitaciones del trabajo. Primero, el
tamafo de muestra fue reducido; sin embargo, creemos que después de realizar
un analisis multivariado y una seleccién rigurosa de nuestros pacientes y
controles, los datos presentados refuerzan la plausibilidad biologica de los SNPs
seleccionados en la OA. Segundo, analizamos de manera conjunta a dos
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poblaciones, y una de ellas mayoritariamente de la zona metropolitana de la
Ciudad de México, por lo que aun estos resultados no podrian generalizarse a
otras poblaciones. Tercero, existen otros polimorfismos dentro de los genes que
estudiamos que no fueron analizados, por lo que un analisis extendido de los
mismos podria aportar mayor informacion sobre su participacion en la OA de
rodilla. Por ultimo, existen otras vias de sefializacién vinculadas a HIF-1a, como
MEK/ERK/MNK que deben explorarse, por lo que su analisis podria proporcionar

mas informacioén sobre el desarrollo de la OA de rodilla.

9. CONCLUSIONES

Analizamos 42 polimorfismos genéticos de la via de sefializacion de HIF-1a en
pacientes con OA de rodilla. En este estudio, identificamos variantes genéticas
dentro de los genes AKT2, AGER, HIF1AN, EGLN1, VEGFA y COL2A1
asociados a la proteccion de la OA de rodilla; mientras que GSK3B, HIF1A e
IGF1 son genes que potencialmente juegan un papel en la fisiopatologia de la
OA de rodilla en individuos de origen mexicano. La Figura 15 resume la
epistasis de los SNP asociados con OA de la via de sefializaciéon de HIF-1a.
Conocer las interacciones de estos polimorfismos implicados en esta via podria
proporcionar una nueva herramienta para identificar a personas con potencial
riesgo de desarrollar OA de rodilla. Ademas, esto abre la oportunidad de estudiar
los mecanismos moleculares de estos genes en el nivel del cartilago articular y
ampliar el conocimiento sobre la fisiopatologia de OA, asi como para estudiar

nuevos objetivos terapéuticos.
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Figura 15. Efecto sinérgico y antagodnico de los genotipos y alelos de la via de sefializacion de
HIF-1a en pacientes con OA de rodilla. Un genotipo o alelo de un gen interacciona con otro gen,
lo cual modifica el valor del OR.
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Abstract

Introduction/objectives Articular cartilage is the target tissue of osteoarthritis (OA), and because it lacks capillary networks, the
microenvironment is hypoxic. Hypoxia inducible factor-1 alpha (HIF-1) regulates the homeostasis of this tissue. The aim of this study
was to investigate whether genetic polymorphisms of the HIF-1 signaling pathway are involved in the development of knee OA.
Method We performed a case-control association study and genotyped 134 knee OA patients and 267 healthy controls. All participants
were genotyped in order to evaluate 42 SNPs from 22 genes involved in the HIF-1x signaling pathway using the OpenArray
technology. Gene-gene interactions (epistasis) were analyzed using the multifactor dimensionality reduction (MDR) method.

Results The MDR analysis showed epistasis between AKT2 (rs8100018) and IGF1 (rs2288377), AKT2 (rs8100018) and IGF'I
(1s35767), IGF1 (1s35767) and COL2A1 (131793953), and between GSK3B (1s6438552) and IGFI (rs35767) polymorphisms, with
information gain values of 21.24%, 8.37%, 9.93%, and 5.73%, respectively. Additionally, our model allowed us to identify high- and
low-risk genotypes among COL2A1 151793953, GSK3B 136438552, AKT2 rs8100018, and IGFI 1s35767 polymorphisms.
Conclusions Knowing the interactions of these polymorphisms involved in HIF-1« signaling pathway could provide a new
diagnostic support tool to identify individuals at high risk of developing knee OA.

Keywords Gene-gene interaction - Hypoxia inducible factor-1« - Multifactor dimensionality reduction - Osteoarthritis - Single
nucleotide polymorphism

Introduction remodeling, osteophyte formation, joint inflammation, and
loss of normal joint function that can culminate in illness
[1]. Worldwide estimates indicate that 9.6% of men and

18% of women > 60 years old suffer from symptomatic OA

Primary osteoarthritis (OA) is a disorder involving movable
joints characterized by cartilage degradation, bone
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[2—4]. Similar to different ethnic groups, OA is the most com-
mon form of human arthritis among Mexicans; its incidence is
increasing steadily due to the current demographic, epidemi-
ological, and social transitions along with the pandemic of
overweight and obesity in this ethnic group [5].

Articular cartilage is the target tissue of OA, and because it
lacks capillary networks, the microenvironment is hypoxic
[6]. In physiological conditions, oxygen concentration in ar-
ticular cartilage varies from 0.5 to 10%. Hypoxia inducible
factor-1o (HIF-1x) plays a fundamental role in maintaining
the homeostatic conditions of articular cartilage [7—11]. Under
normoxia, its specific proline residues 402 and 564 are hy-
droxylated in the oxygen-dependent degradation domain by
prolyl-hydroxylases (PHDs) to form a complex with the von
Hippel-Lindau (VHL) factor; in turn, this complex is subse-
quently degraded in the proteasome [12, 13]. However, under
hypoxic conditions, the activity of PHDs decreases, stabiliz-
ing HIF-1o, which accumulates in the cytoplasm and is phos-
phorylated by MAPK [11, 14-16]. On the other hand, it has
been that the inhibition or depletion of GSK-3 induces HIF-
1, while the overexpression of GSK-3[3 reduces the expres-
sion of HIF-1 [17]. Upon phosphorylation, HIF-1« translo-
cates to the nucleus and binds to specific DNA sequences (5
TAGCGTGH3') present in promoter regions of genes for their
subsequent expression [18, 19]. Among many others, these
target genes include NOS2, VEGF, EPO, GLUTI, IGF2,
SOX9, and COL2A 1. Transcription of such target genes has
the potential role of maintaining the chondroprotective func-
tions that are challenged by the detrimental conditions occur-
ring in the OA joint environment [20-23].

From a genetic standpoint, several studies suggest associ-
ations between single-nucleotide polymorphisms (SNPs) and
knee OA [24, 25]. Nevertheless, most of them were assessed
individually, in contrast to joint assessments through gene-
gene interactions (epistasis), which could provide more infor-
mation regarding their role [26]. The identification and char-
acterization of gene-gene and gene-environment interactions
have been limited primarily due to a lack of powerful statisti-
cal methods, and particularly because of small sample sizes,
which has been a challenge for geneticists. In this sense, the
multifactor dimensionality reduction (MDR) method does not
require a model as such, given that no genetic models are
assumed, neither is it parametric, as no parameters are estimat-
ed [27, 28]. The generalized MDR (GMDR) method is an
extension from MDR and allows an adjustment for discrete
and quantitative covariables and can be applied to both dichot-
omous and continuous phenotypes in several study designs
based on population [29].

Interactions between multiple /oci of different genes could
be the foundation of the knee OA genetic origin. Therefore,
this study is focused on evaluating whether interactions be-
tween several genetic variants of HIF-1« signaling pathway
are associated with knee OA in the Mexican population.

@ Springer

Materials and methods
Study design and population

Four hundred and one unrelated Mexican-Mestizo individuals
were recruited from September 2013 to September 2016 peri-
od for this case control-study. One hundred thirty-four of them
were primary knee OA patients: 94 from the Instituto
Nacional de Rehabilitacion “Luis Guillermo Ibarra Ibarra”
(INRLGII), and 40 from the Rheumatology Department of
the Hospital Civil de Guadalajara “Fray Antonio Alcalde”
(Ref. J45703-M CONACYT). The knee OA diagnosis was
based on the American College of Rheumatology criteria
[30], which included primary OA with any symptoms, and
radiographic signs of OA according to the Kellgren-
Lawrence (KL) score (>2); the clinical examination and ra-
diographic evaluation were performed by a qualified radiolo-
gist-theumatologist. One hundred and fifty healthy employees
from INRLGII and 117 healthy subjects from Guadalajara
with no symptoms or signs of knee OA, other types of arthri-
tis, or any painful condition of the joint were recruited as
controls. The control subjects were selected among individ-
uals with no personal and family history of OA. Knee radio-
graphs from controls were obtained consecutively to rule out
subclinical OA, and those who were grade one or less were
considered. Other etiologies causing knee diseases, such as
inflammatory arthritis (theumatoid arthritis -RA- or any other
autoimmune disease), post-traumatic or post-septic arthritis,
poliomyelitis, and skeletal dysplasia, were excluded. This
study meets all criteria contained in the Declaration of
Helsinki and was approved by the Ethics and Research
Committee of the Instituto Nacional de Rehabilitacion (Ref.
INR-18/13). All participants signed an informed consent let-
ter; additionally, information on age, gender, weight, body
mass index (BMI), and birth place was obtained. All partici-
pants were >40 years and were geographically matched
(Mexico City and neighboring states), and to have parents
and grandparents born in the same geographical region.

SNPs selection and genotyping

Using a case-control design, we sought to assess the contribu-
tion of SNPs involved in the HIF-1« signaling pathway pre-
viously reviewed [31]; in addition, we include SNPs that have
not been studied in order to know their involvement in OA. A
total of 42 SNPs were genotyped in cases and controls and
with a population frequency greater than 1% in Mexico pop-
ulation. SNPs selection was supported on information from
the http:/browser.1000genomes.org/index.html, http://www.
ncbi.nlm.nih.gov/projects/SNP/ and http://www.genome.jp/
kegg-bin/show_pathway?hsa04066 sources. The selection
order of the SNPs was first in promoter regions, followed by
exons and introns; also, these SNPs should not be in linkage
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disequilibrium (LD). Seven SNPs in genes that activate the
HIF-1o system, 13 SNPs in genes that interact directly with
HIF-1e, and 22 SNPs from genes that are induced by HIF-1
were selected for this study (Table 1). Since the Mexican-
Mestizo population is admixed, ancestry informative markers
(AIMs) were used to assess whether any association could be
confounded due to population stratification (Table 1). A panel
of nine AIMs distinguishing mainly Amerindian, African, and
European ancestry (0 > 0.44) were genotyped [32, 33].

Genomic DNA was isolated from peripheral blood white
cells using a commercial kit based on the salt fractionation
method (QIAmp 96 DNA Blood Kit, Qiagen, Hilden,
Germany). Genotyping was performed using the OpenArray
technology in a QuantStudio 12 K flex System (Thermo
Fisher Scientific). Genomic DNA samples were normalized
at 50 ng/ul, and 2.5 pl of DNA were mixed with 2.5 pl of
TagMan OpenArray Genotyping Master Mix (Thermo Fisher
Scientific) on 384-well plates. Mixes were loaded onto
genotyping OpenArray plates previously loaded with the
genotyping primers and probes, using the AccuFill System
(Thermo Fisher Scientific). Amplification was carried out fol-
lowing the manufacturer’s protocol. Results were analyzed
using the TagMan Genotyper v1.2 software.

Statistical analysis

The clinical variables were evaluated with Student’s # test or
Fisher’s exact test, when appropriate, and values were
expressed as mean + SD. Gene and allele frequencies of all
polymorphisms were calculated and compared between cases
and controls using Fisher’s exacts test. In order to control the
global false positive rate, only SNPs with a statistically signif-
icant p value on Fisher’s exact test were considered in the
multivariate analysis. Associations of each SNP with OA risk
were assessed with logistic regression models adjusted by age,
gender, BMI, and ancestry, taking into account a co-dominant
inheritance model for the SNP. Hardy-Weinberg equilibrium
(HWE) was evaluated by calculating the inbreeding coeffi-
cient (Fjs) using the Genetix v4.05.2 (Université de
Montpellier) program with 1000 permutations each loci in
both study groups.

The ancestry was analyzed by STRUCTURE software
v2.3.4 (Pritchard Lab, Stanford University, USA), to evaluate
the effect of population stratification on the associations found
of each population & (k=3) with the genotypes of the nine
AIMs mentioned above. This information was included in
the logistic regression models to adjust the associations found
between the studied polymorphism and OA by individual
mix. In addition, we performed a haplotype analysis to deter-
mine the joint effect of variants of the same gene on OA
development. All the statistical analyses were performed
using the statistical package STATA v14.0 (Stata Corp,
Texas USA), and considering an o =0.05 significance level.

Finally, in order to study the effect of epistasis, we used the
MDR v3.0.2 and GMDR v0.9 statistical packages according
the Ritchie’s algorithm [27].

Results
Characteristics of the study population

Demographic and clinical characteristics of knee OA patients
and controls are shown in Table 2. In the study groups, cases
were significantly older than controls individuals (P < 0.0001,
51.3+£13.5 vs 43.6+11.3 years, respectively). Most of the
patients were female in both study groups (88.0% in cases
and 70.0% in controls, P < 0.0001). The mean BMI of the
OA group was significantly higher than the control group
(P<0.0001, 29.2+4.8 vs 26.1 +4.8, respectively). There
was no difference among patients and controls regarding the
place of birth (P = 0.146). The distribution of the studied poly-
morphisms was consistent with HWE except for HIFIAN
rs11292, HIFIA 1511549465, and EGLNI rs1339894 poly-
morphisms (Supplementary Table 1).

Association of SNPs of the HIF-1a signaling pathway
with OA

After adjusting by age, gender, BMI, and admixture in a lo-
gistic regression model, the genotype and allele frequencies of
ten SNPs significantly associated are presented in Table 3.
Genotypes and alleles with low risk against OA were C/C
genotype and C allele of AK72 rs8100018 (OR=0.17, 95%
CI=0.05-0.55, P=0.003, and OR =0.58, 95% CI=0.38-
0.87, P=0.009, respectively), C/T genotype and T allele of
AGER 152070600 (OR =0.05, 95% CI=0.00-0.47, P=

0.008, and OR =0.23, 95% CI=0.08-0.64, P=0.005, re-
spectively), A/G genotype of HIFIAN 1s11292 (OR =0.37,
95% CI1=0.14-0.96, p=0.04), A/A genotype and A allele
of EGLNI 151339894 (OR =0.05, 95% CI=0.00-0.45, P=

0.007, and OR =0.39, 95% CI=0.22-0.70, P=0.001, re-
spectively), A/A genotype of VEGFA rs1570360 (OR =0.31,
95% CI =0.10-0.93, p = 0.03), and G/A genotype of COL2A1
rs1793953 (OR =0.48, 95% CI1=0.28-0.82, P=0.008). On
the other hand, genotypes and alleles with high risk to devel-
opment OA wer: A/G genotype of GSK3B rs6438552 (OR =

2.58, 95% CI=1.16-4.45, P=0.01), C/T genotype and T
allele of HIFIA rs11549465 (OR=3.14, 95% CI=1.82—
5.42, P=0.000, and OR=2.07, 95% CI=1.33-3.23, P=

0.001, respectively), A/T genotype and T allele of /IGF1
2288377 (OR=1.86, 95% CI=1.08-3.20, P=0.02, and
OR =1.63, 95% CI=1.01-2.63, P=0.04, respectively), and
G/A genotype and A allele of /GF'I 135767 (OR =2.00, 95%
CI=1.17-3.42, P=0.01, and OR=1.51, 95% CI=1.02—
2.25, P=0.03, respectively).
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Table 1 Single-nucleotide polymorphisms (SNPs) studied

Gene db SNP rs ID Chromosome position Location MAF Most severe consequence
Genes that activate the HIF-1oc system
PIK3RI1 rs3730089 Chr.5:67588148 Intron A Missense variant
AKT2 rs8100018 Chr.19:40752023 Intron C Intron variant
GSK3B 156438552 Chr.3:119631814 Intron A Intron variant
L6 151474347 Chr.7:22768124 Exon C Non coding transcript
AGER 152070600 Chr.6:32151443 Intron T Missense variant
AGER 151800624 Chr.6:32152387 5"UTR T Upstream gene variant
AGER rs1035798 Chr.6:32151222 Intron T Splice region variant
Genes that interact with HIF-1«x
HIFIA 12057482 Chr.14:62213848 3'UTR T 3'UTR variant
HIFIA rs11549465 Chr.14:62207557 Exon T Pro582Ser
HIFIA rs11549467 Chr.14:62207575 Exon A Ala588Thr
EGLNI 112406290 Chr.1:231559226 S'UTR G 5S'UTR variant
EGLNI rs1339894 Chr.1:231560557 S'UTR A S'UTR variant
EGLNI rs2739513 Chr.1:231515201 Intron T Intron variant
EGLNI 152009873 Chr.1:231499236 3'UTR T Downstream gene variant
VHL 1779805 Chr.3:10183337 S'UTR G 5'UTR variant
VHL rs1678607 Chr.3:10188428 Intron T Intron variant
VHL rs1642742 Chr.3:10191943 3'UTR G 3'UTR variant
HIFIAN rs1054399 Chr.10:102312565 3'UTR T 3'UTR variant
HIFIAN rs11190613 Chr.10:102313997 3'UTR C 3'UTR variant
HIFIAN rs11292 Chr.10:102313607 3'UTR G 3'UTR variant
Genes induced by HIF-1x
VEGFA 1s699947 Chr.6:43736389 S'UTR A Upstream gene variant
VEGFA 1rs1570360 Chr.6:43737830 5'UTR A Upstream gene variant
VEGFA 13025039 Chr.6:43752536 3'UTR T 3'UTR variant
VEGFA 15729761 Chr.6:43804571 Intergenic T Regulatory region variant
EPO 151617640 Chr.7:100317298 5'UTR C Upstream gene variant
NOS2 rs1060826 Chr.17:26089867 - T Synonymous variant
NOS2 rs2297518 Chr.17:26096597 Intron A Missense variant
NOS3 152070744 Chr.7:150690079 Intron C Intron variant
IGF1 1s35767 Chr.12:102875569 5S'UTR A Upstream gene variant
IGF1 1s2288377 Chr.12:102874762 S'UTR T Upstream gene variant
EGF 14444903 Chr.4:110834110 S'UTR A 5'UTR variant
EDNI rs1800541 Chr.6:12289219 S'UTR G Upstream gene variant
EDNI 155370 Chr.6:12296255 Exon T Lys198Asn
MMP1 1s2239008 Chr.11:102661080 3'UTR A 3'UTR variant
MMP3 15679620 Chr.11:102713620 - G Coding region
MMPI3 152252070 Chr.11:102826539 5'UTR C Upstream gene variant
MMPI13 1512792912 Chr.11:102801303 - G Transversion substitution
CA 1rs1703290 Chr.5:4062706 Intergenic G Intergenic variant
COL2A1 152276454 Chr.12:48376291 - A Synonymous variant
COL2A1 rs1793953 Chr.12:48393526 Exon A Non coding transcript
COL3A1 rs1800255 Chr.2:189864080 Exon A Missense variant
COL3Al 152138533 Chr.2:189837212 S'UTR T Upstream gene variant
AlMs
rs2695 152695 Chr.9:82884577 Intergenic T Intergenic variant
rs2862 152862 Chr.15:35145553 S'UTR C Upstream gene variant
SAP30L rs3340 Chr.5:153831867 Intron C Intron variant
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Table 1 (continued)

Gene db SNP rs ID Chromosome position Location MAF Most severe consequence
CKM rs4884 Chr.19:45810035 - A Synonymous variant
rs722098 1s722098 Chr.21:16685598 Intergenic A Intergenic variant
CAI0 15203096 Chr.17:50011769 Intron T Intron variant
rs223830 15223830 Chr.16:57451971 3'UTR c Downstream gene variant
DRD?2 rs1800498 Chr.11:113291588 Intron A Intron variant
PRKCE s2814778 Chr.1:159174683 5'UTR C S'UTR variant

MAF, minor allele frequency; AIMs, ancestry informative markers; Missense variant, a sequence variant that changes one or more bases, resulting in a
different amino acid sequence, but where the length is preserved; Intron variant, a transcript variant occurring within an intron; Non coding transcript
exon variant, a sequence variant that changes non-coding exon sequence in a non coding transcript; Upstream gene variant, a sequence variant located 5’
of'a gene; Splice region variant, a sequence variant in which a change has occurred within the region of the splice site, either within 1-3 bases of the exon
or 3-8 bases of the intron; Downstream gene variant, a sequence variant located 3’ of a gene; Regulatory region variant, a sequence variant located within
a regulatory region; Synonymous variant, a sequence variant where there is no resulting change to the encoded amino acid; Intergenic variant, between

genes

Evaluation of gene-gene interactions: MDR

Table 4 summarizes the results of exhaustive MDR analysis,
which analyzes all possible combinations of the studied poly-
morphisms. According to the MDR analysis, the best models
include the AKT?2 (rs8100018) and /GFI (1rs2288377) poly-
morphisms. This model had a balanced accuracy test of
0.7678, a consistency of cross-validation of 10/10, and an
interaction P value =0.0010. Figure 1 shows the interaction
map of the studied polymorphisms, based on entropy mea-
sures among individual variables. A strong interaction effect
was observed between AKT2 (rs8100018) and IGFI
(rs2288377), AKT2 (rs8100018) and IGFI (1s35767), IGF1
(rs35767) and COL2A1 (rs1793953), and between GSK3B
(rs6438552) and IGFI (rs35767) polymorphisms with infor-
mation gain values of 21.24%, 8.37%, 9.93%, and 5.73%,
respectively. The gene-gene interaction of the ten associated
polymorphisms is shown in the interaction dendogram
(Supplementary Fig.1). Moreover, our model allowed us to
identify interactions in high-risk genotypes of the COL2A1

(rs1793953), GSK3B (rs6438552), and IGF1 (rs35767) poly-
morphisms, and the most representative were (GA + AG +
GA), (GA + GG+ GA), and (GG + AG + GG), respectively;
and low-risk genotypes [(GA + AA+GA), (GA + AG + GQG),
and (GA + GG + GG)], respectively. Likewise, we identify in-
teractions in high-risk genotypes of the AKT?2 (rs8100018) and
IGF1 (1s2288377) polymorphisms [(GG + AA) and (GC +
AT)], respectively; and low-risk genotypes [(GC + AA) and
(GG + AT)], respectively (Fig. 2).

Haplotype analysis

In regard to the haplotype analysis, we observed that the CTG
(rs2057482, 111549465, and rs11549467, respectively) and
AT (rs35767 and rs228377, respectively) haplotypes of the
HIFIA and IGF] genes, respectively, were found to be asso-
ciated with an increased risk of developing (OR=2.59, P=
0.004, 95% CI=1.36-4.94 and OR=1.69, P=0.038, 95%
CI=1.02-2.80, respectively) (Supplementary Table 2).

Table 2 Characteristics of the

study population Parameter Total (n=401) OA (n=134) Controls (n=267) p
Age (years) 46.1+12.6 51.3+13.5 436+11.3 < 0.0001
BMI (Kg/cm?) 272+5.0 292+4.8 26.1+4.8 < 0.0001
Gender
Female (%) 305 (76.0) 118 (88.0) 187 (70.0) < 0.0001*
Male (%) 96 (24.0) 16 (12.0) 80 (30.0)
Place of birth
Mexico City 192 (47.8) 71 (52.9) 121 (45.3) 0.146*
Others states of Mexico 209 (52.2) 63 (47.1) 146 (54.7)

Data are expressed as mean+ SD. P values were estimated using Student’s ¢ test, v=0.05; *P values were
estimated using Fisher’s exact test, «=0.05. BMI, body mass index, normal, 18.5-24.9; overweight, 25.0—
29.9; obesity, >30.0. Significant P values are in italic
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Table 3 Association of the HIF-1«x signaling pathway polymorphisms in knee OA patients and controls

P

Gene SNP s ID OA Controls OR (95% CI) P
N (%) N (%)

AKT?2 8100018

G/G 70 (58.3) 80 (46.5) 1.00 Reference

G/C 46 (38.3) 61 (35.5) 091 (0.53-1.57) 0.74

C/IC 4 (3.40) 31 (18.0) 0.17 (0.05-0.55) 0.003

G 186 (77.5) 221 (64.2) 1.00 Reference

C 54 (22.5) 123 (35.8) 0.58 (0.38-0.87) 0.009
GSK3B rs6438552

A/A 37 (35.9) 57 (50.9) 1.00 Reference

A/G 49 (47.6) 34 (30.4) 2.28 (1.16-4.45) 0.01

G/G 17 (16.5) 21 (18.7) 1.35 (0.58-3.11) 0.474

A 123 (59.7) 148 (66.1) 1.00 Reference

G 83 (40.3) 76 (33.9) 1.37 (0.89-2.12) 0.15
AGER 1s2070600

CcC 94 (96.9) 179 (84.0) 1.00 Reference

CT 1 (1.00) 26 (12.2) 0.05 (0.00-0.47) 0.008

TT 2 (2.10) 8 (3.80) 0.56 (0.10-3.07) 0.50

C 189 (97.4) 384 (90.1) 1.00 Reference

T 5 (2.60) 42 (9.90) 0.23 (0.08-0.64) 0.005
HIFIA rs11549465

C/C 51 (40.5) 105 (67.3) 1.00 Reference

C/T 75 (59.5) 50 (32.0) 3.14 (1.82-5.42) < 0.001

T/T 0 (0.00) 1 (0.70) - - -

C 177 (70.2) 260 (83.3) 1.00 Reference

T 75 (29.8) 52 (16.7) 2.07 (1.33-3.23) 0.001
HIFIAN rs11292

A/A 87 (76.3) 106 (65.4) 1.00 Reference

A/G 9 (7.90) 26 (16.1) 0.37 (0.14-0.96) 0.04

G/G 18 (15.8) 30 (18.5) 0.90 (0.43-1.85) 0.77

A 183 (80.3) 238 (73.5) 1.00 Reference

G 45(19.7) 86 (26.5) 0.78 (0.49-1.24) 0.30
EGLNI rs1339894

G/G 103 (84.4) 123 (73.6) 1.00 Reference

G/A 18 (14.8) 22 (13.2) 1.07 (0.51-2.22) 0.85

A/A 1 (0.80) 22 (13.2) 0.05 (0.00-0.45) 0.007

G 224 (91.8) 268 (80.2) 1.00 Reference

A 20 (8.20) 66 (19.8) 0.39 (0.22-0.70) 0.001
VEGFA rs1570360

G/G 68 (61.3) 125 (53.0) 1.00 Reference

G/A 38 (34.2) 78 (33.0) 0.97 (0.56-1.67) 0.92

A/A 5(4.50) 33 (14.0) 0.31 (0.10-0.93) 0.03

G 174 (78.4) 328 (69.5) 1.00 Reference

A 48 (21.6) 144 (30.5) 0.69 (0.46-1.05) 0.08
COL2A1 1rs$1793953

G/G 53 (40.5) 66 (25.5) 1.00 Reference

G/A 54 (41.2) 145 (56.0) 0.48 (0.28-0.82) 0.008

A/A 24 (18.3) 48 (18.5) 0.67 (0.34-1.34) 0.26

G 160 (61.1) 277 (53.5) 1.00 Reference

A 102 (38.9) 241 (46.5) 0.76 (0.54-1.07) 0.11
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Table 3 (continued)

Gene SNP s ID OA Controls OR’ (95% CI) P
N (%) N (%)
IGF1 12288377
A/A 71 (61.2) 176 (75.2) 1.00 Reference
AT 44 (37.9) 56 (23.9) 1.86 (1.08-3.20) 0.02
T 1 (0.90) 2 (0.90) 1.57 (0.12-19.8) 0.72
A 186 (80.2) 408 (87.2) 1.00 Reference
T 46 (19.8) 60 (12.8) 1.63 (1.01-2.63) 0.04
IGF1 1s35767
G/G 57 (47.5) 137 (59.8) 1.00 Reference
G/A 55 (45.8) 72 (31.4) 2.00 (1.17-3.42) 0.01
A/A 8 (6.70) 20 (8.70) 1.43 (0.55-3.71) 0.45
G 169 (70.4) 346 (75.5) 1.00 Reference
A 71 (29.6) 112 (24.5) 1.51 (1.02-2.25) 0.03

OR, odds ratio; CI, confidence interval; OR”, value adjusted for age, sex, BMI, and admixture in a logistic regression model. Significant P values are in

italic

Discussion

OA is the most common joint disease, imposing a major eco-
nomic burden to health systems due to the costs associated
with healthcare and disability [34]. Several studies have been
performed aimed to identify potential genes of therapeutic
targets [35]. It is well-known that knee OA pathogenesis is
multifactorial, and its complexity is primarily due to its poly-
genic nature. Given this polygenic nature, it has been dif-
ficult to prove gene-gene interactions associated with
knee OA; in this sense, MDR has been applied to identify
gene-gene interactions conferring susceptibility to com-
mon multifactorial diseases, including hypertension, blad-
der cancer, type 2 diabetes, and RA [36]. To date, only
two published reports have evaluated gene-gene interac-
tions by the MDR method in knee OA, which allow the
identification of predictive models for the disease devel-
opment based on the analyzed pathways (TGF-3/Smad3
and ADIPOQ/PON1) [37, 38]. In the present study, we
applied the MDR method to assess the epistasis of genes
related to the HIF-1« signaling pathway due to its central
participation in the articular cartilage homeostasis.

Table 4 Results of MDR analysis

Our main findings reveal important gene-gene interactions
between the AK72, IGF1, COL2Al, and GSK3B genes and
knee OA. HIF-1x expression is regulated through the PI3K/
Akt pathway, and both kinases are important in cell survival
and apoptosis; especially, it has been shown that apoptosis of
chondrocytes can be regulated by this signaling pathway,
which is closely related to the occurrence and development
of osteoarthritis [39, 40]. In our study, we observed that the
carriers of the G/G homozygous genotype and the G minor
allele of the AKT2 rs8100018 polymorphism showed a signif-
icant association with a lower risk to knee OA development.
To our knowledge, data on the associations between common
genetic variations in AK72 gene and knee OA are scarce. But
in pathologies such as rectal cancer, it has been observed that
the rs8100018 variant is associated with low risk in progress
to cancer, suggesting that this variant might play an important
role in the AKT?2 function [41].

On the other hand, the insulin-like growth factor-1 (IGF-1)
is a small 70-amino acid polypeptide mediator with a potent
anabolic impact on cartilage homeostasis. IGF-1 is expressed
in cartilage, where it can act in a paracrine and autocrine man-
ner to stimulate cartilage extracellular matrix (ECM) synthesis

Locus number  Best model Training Bal Acc ~ Testing Bal Acc  Cross-validation P value*
consistency
COL2A1_1s1793953 0.6044 0.5005 6/10 0.828
2 AKT2 _rs8100018, IGF1_rs2288377 0.7678 0.7678 10/10 0.001
3 GSK3B_rs6438552, IGF1_rs35767, COL2A1_rs1793953  0.8086 0.7698 8/10 0.001

*P values were based on 1000 permutations

MDR, multifactor dimensionality reduction; Testing Bal Acc, testing-balanced accuracy
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Fig. 1 Interaction map for knee OA risk. The interaction model describes
the percentage of the entropy (information gain) that is explained by each
factor or two-way interaction. Values inside nodes indicate information
gain of individual attributes or main effects, whereas values between
nodes show information gain of pairwise combinations of attributes or
interaction effects. Positive entropy (plotted in red or orange) indicates
interaction, which can be interpreted as a synergistic or nonadditive rela-
tionship; while negative entropy (plotted in yellow-green) indicates inde-
pendence or additivity (redundancy)

as well as inhibit matrix degradation [42, 43], and it has a close
relationship in the expression of HIF-1o under hypoxic con-
ditions such as occurrence in articular cartilage [44]. In our
study, we evaluated the rs35767 and rs2288377 polymor-
phisms of the /GFI gene, and we observed that the carriers
of the heterozygous genotype and the minor allele in both
polymorphisms have higher risk to develop OA. Today, the
role of these polymorphisms in the development of OA is not
clear. In other pathologies such as osteoporosis, the
rs35767 polymorphism has also been associated with risk,
especially with low levels of bone mineral density of the
femoral neck [45]; however, in the study performed by
Chen YC et al., they found that the rs2288377 polymor-
phism was not associated with osteoporosis risk [46]. In
view of these reports, our results may help to elucidate the
role that plays the rs35767 and rs2288377 polymorphisms
in pathologies that affect the joint and adjacent tissues,
but more studies are needed to support it.

Also, we observed that the 151793953 polymorphism of the
COLZ2A] gene was associated with protection against OA. It is
known that this gene codifies for the alpha chain of type II
collagen, which is the main component of the ECM of the artic-
ular cartilage. Alterations in this gene have been associated with
OA and early onset family OA, among other cartilage disorders
[47]. In the study performed by Galvez-Rosas et al., they ana-
lyzed a polymorphic site in the COL2A1 gene of primary knee
OA patients and observed a significant association with KL
grade 4 patients [48]. Moreover, Valdes et al. analyzed the
1s1635560 polymorphism of the COL2A1 gene in OA patients
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and found an association with a decrease in knee OA risk, but
only among male patients (OR =0.68, P <0.005) [49]. Deng Y
et al. analyzed the rs1793953 polymorphism of the COL2A1
gene in intervertebral disc degeneration patients, and they found
that the carriers of the A/A homozygous genotype and of the A
minor allele showed a significant association with a lower risk of
developing this disease (P=0.004 and P=0.010, respectively)
[50]. The controversy of these results is highly interesting, sug-
gesting for instance a dual role of the gene in the disease, or even
a possible interaction with environmental or genetics factors not
taken into account in the latter studies. Thus, it is necessary to
explore other polymorphic variants in COL2A [ in our population
and elucidate their involvement in OA.

Finally, in the present work, we evaluated the rs6438552
polymorphism of the glycogen synthase kinase-3B
(GSK3B) gene in knee OA patients, and we observed that
the carriers of the heterozygous A/G genotype increase the
risk of OA. Several studies have suggested a proinflamma-
tory role for GSK-3 activity based on cytokine profiles
during GSK-3 inhibition. GSK-3 inhibition has been dem-
onstrated to ameliorate collagen-induced arthritis and col-
lagen antibody-induced arthritis in mice, which is consis-
tent with a proinflammatory role; however, its activity may
have procatabolic or chondroprotective effects depending
on the pathologic scenario, with important implications for
the proposed use of GSK-3 inhibitors as therapeutic agents
in arthritis [51].

The gene-gene interaction analysis allows us to know
whether two or more polymorphisms impact OA genetic sus-
ceptibility. Our study allowed us to identify gene-gene inter-
actions implemented by MDR with high-degree synergy be-
tween AKT2 and IGF1 genes (Fig. 1). Examination of these
genes in the interaction model reveals a testable hypothesis for
further studies; not only does the evaluation of interactions
between genes increase the detection capacity, but it also helps
to understand the genetics behind the underlying biological
and biochemical pathways of the disease. Another important
aspect is that with the MDR method, high-risk and low-risk
genotypes were identifying in knee OA patients, suggesting
an essential role of the polymorphisms involved in HIF-1c
signaling pathway (Fig. 2). Because the MDR method allows
the identification of risk predictive models in OA, it can also
be used to provide support in preclinical diagnosis; in addi-
tion, knowing the mechanisms of interaction, it could help to
designed specific therapeutic strategies where several molec-
ular targets should be taken into account for OA.

Finally, the haplotypes analysis makes it possible to
evaluate whether there are polymorphism blocks
(groups) of a single gene that are jointly segregated and
might be linked to the disease development. Our results
show that the presence of CTG and AT haplotypes of the
HIFIA and IGFI genes are significantly associated
(P<0.05) with knee OA (Supplementary Table 2). The
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Fig. 2 Distribution of high-risk and low-risk genotypes in the best two-
and three-locus model. The distribution shows high-risk (dark shading)
and low-risk (light shading) genotypes associated with knee OA in the
two- and three-/ocus interaction detected by MDR analysis. The percent-
age of osteoarthritic subjects (left black bar in boxes) and control subjects
(right hatched bar in boxes) is shown for each two- and three-locus

data obtained points out the potential role that these genes
play in knee OA development.

It is worth mentioning some strengths of our study. a) The
population stratification was not biased, given that we includ-
ed the ethnicity of each participant in the regression models
assessed by AIMs; b) our study is the first that evaluated the
wide number of genes related to the HIF-1o signaling path-
way among Mexican patients with knee OA; and c) unlike
genetic classical analysis, our main approach highlights the
importance to evaluate in an integral manner the effect of
genetic variants in knee OA.

Yet, it is important to highlight some aspects. We are aware
of'the limitations of our study; first, our sample size is limited;
however, we believe that after performing a multivariate anal-
ysis and a rigorous selection of our patients and controls, the
presented data reinforce the biological plausibility of the SNPs
in the OA. Second, our association study was limited to two

genotype combination. Boxes were labeled as high-risk if the ratio of
the percentage of cases to controls met or exceeded the threshold of 1.0.
Boxes were labeled as low-risk if the threshold was not exceeded. Based
on the pattern of high-risk and low-risk genotypes, this two- and three-
locus model is evidence of gene-gene interaction

populations, so more studies in different populations are need-
ed to support our findings, as well as to evaluate the function-
ality of the associated SNPs and be able to show evidence of
whether they have a causal effect or not. Finally, there are
more variants of the same gene that were not analyzed, as well
as other genes of the HIF-1« signaling pathway that were not
considered and whose impact on OA development is
unknown.

Conclusions

We analyzed polymorphisms related to the HIF-1c signaling
pathway in Mexican knee OA patients. Knowing the gene-
gene interactions of these polymorphisms involved in HIF-1
signaling pathway could provide a new diagnostic support
tool to identify individuals at high risk of developing knee

@ Springer
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OA which can serve as a therapeutic target; additionally, a
large-scale study to assess HIF-1a signaling pathway poly-
morphisms and mechanisms of interaction is needed to clarify
the role of HIF-1x polymorphisms in the pathogenesis of knee

OA.
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Osteoarthritis (OA) is the most common form of arthritis and is frequently diagnosed and
managed in primary care; it is characterized by loss of articular hyaline cartilage, which is a
unique connective tissue that physiologically lacks blood vessels. Articular cartilage survives
in a microenvironment devoid of oxygen, which is regulated by hypoxia inducible factor (HIF-
la). HIF-1a is considered the main transcriptional regulator of cellular and developmental
response to hypoxia. To date, the relevance of HIF-1a in the assessment of cartilage has
increased since its participation is essential in the homeostasis of this tissue. Taking into
account the new emerging insights of HIF-1a in the scientific literature in the last years,
we focused the present review on the potential role of HIF-1a signaling pathway in OA
development, especially in how some genetic factors may influence the maintenance or
breakdown of articular cartilage.
© 2016 Elsevier Editora Ltda. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Papel da via de sinalizacdo do HIF-1a na osteoartrite: revisao sistematica

RESUMO

Palavras-chave:
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A osteoartrite (OA) é a forma mais comum de artrite e frequentemente é diagnosticada e
gerenciada na atencdo primaria; é caracterizada por perda da cartilagem articular hialina,
um tecido conjuntivo Unico que fisiologicamente carece de vasos sanguineos. A cartilagem
articular sobrevive em um microambiente desprovido de oxigénio, que é regulado pelo
fator induzivel por hipéxia-la (HIF-1a). O HIF-1a é considerado o principal regulador tran-
scricional da resposta celular e de desenvolvimento a hipdxia. Na atualidade, a relevancia

E-mail: javier_astrofan@hotmail.com (J. Fernandez-Torres).

http://dx.doi.org/10.1016/j.rbre.2016.07.008

2255-5021/© 2016 Elsevier Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).


dx.doi.org/10.1016/j.rbre.2016.07.008
http://www.reumatologia.com.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rbre.2016.07.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:javier_astrofan@hotmail.com
dx.doi.org/10.1016/j.rbre.2016.07.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

REV BRAS REUMATOL.2017;57(2):162-173 163

do HIF-1a na avaliacdo da cartilagem tem aumentado, ja que a sua participacdo é essencial

na homeostase desse tecido. Considerando as novas perspectivas emergentes do HIF-1a na

literatura cientifica nos ultimos anos, foca-se a presente revisido no potencial papel da via

de sinalizagao do HIF-1a no desenvolvimento da OA, especialmente no modo como alguns

fatores genéticos podem influenciar na manutengéo ou ruptura da cartilagem articular.

© 2016 Elsevier Editora Ltda. Este é um artigo Open Access sob uma licenca CC

BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Osteoarthritis (OA) is a common chronic condition affecting
millions of people worldwide and is a considerable cause of
disability.! It is the most common rheumatic disease, every age
can be affected but prevalence increases dramatically with age
with a greater incidence in subjects between 40 and 50 years
old.?

The joints involved are characterized by a breakdown
and loss of articular cartilage that leads to a decrease in
the joint space and friction between the bones causing
swelling, chronic pain, functional impairment, deformity and
disability.>®

To date, the hypoxia inducible factor-1 alpha (HIF-1a) has
increased its relevance in the assessment of cartilage since its
participation is essential in the homeostasis of this tissue.”
Articular cartilage is a hypoxic tissue in which HIF-1a is of
pivotal importance for survival and growth of chondrocytes
during cartilage development as well as energy generation and
matrix synthesis of chondrocytes in both healthy and patho-
logical conditions.®° By using microarrays, it was also shown
that HIF-1a is expressed in human fetal chondrocytes, which
means that this transcription factor is essential for develop-
ment and maintenance of cartilage.’®

The viability of chondrocytes is compromised by several
phenomena such as oxidative stress, inflammatory mediators,
biochemical injury and hypoxic conditions. The avascularity
of cartilage tissue has allowed establishing well conserved
mechanisms where the chondrocytes can survive under such
conditions. It is note, that under healthy conditions, oxygen
concentration in articular cartilage varies from 0.5 to 10%
(~4-70 mm Hg, respectively).''? When oxygen concentration
decreases and environment turns increasingly hypoxic, HIF-
la plays a critical role to maintain homeostasis, through
induction the expression of a variety of genes encoding pro-
teins to increase the availability of oxygen and nutrients to
homeostatic levels.?3

Taking into account of these pieces of information and the
recent growing interest in HIF-1a in rheumatic diseases,'®*
we focused the present review on the potential role of HIF-1a
in OA, especially in as some genetic factors may influence in
the maintenance or breakdown of articular cartilage.

Methods
Literature review criteria and search strategy

All relevant literature in the field of HIF-1a and OA, published
in the last 15 years was reviewed. The search included original

articles concerning humans and/or animal models published
between January 2000 and December 2015. To identify all avail-
able studies, a detailed search pertaining to HIF-1« and OA was
conducted according to PRISMA (Preferred Reporting Items
for Systematic reviews and Meta-Analyses) guidelines.'® A
systematic search was performed in the electronic database
(PubMed) using the following Mesh search terms in all pos-
sible combinations: “HIF-1a” or “osteoarthritis” or “articular
cartilage” or “HIF-la polymorphisms” or “HIF-la signaling
pathway” or “hypoxia” or “rheumatic diseases”, and the com-
bined phrases in order to obtain all genetic studies on the
relationship of genetic polymorphisms of HIF-la signaling
pathway associated with OA. In addition, the reference lists
of all retrieved articles were manually reviewed. Two inde-
pendent authors (JFT and GAMN) analyzed each article and
performed the data extraction independently. Discrepancies
were resolved by consensus.

Inclusion and exclusion criteria

We excluded from this review the following types of publica-
tions: articles not published in English, case reports, clinical
trials, and letters to the editor that were purely commen-
tary. Search results were screened to avoid duplicates. Titles,
abstracts, and full reports of articles identified were systemat-
ically screened with regard to inclusion and exclusion criteria.

Results

To date, it has compiled important information about the role
of HIF-1a in rheumatic diseases. Approximately 5599 publi-
cations were identified in PubMed database between January
2000 and December 2015. The results of the search strategy
are illustrated in Fig. 1.

General concepts of OA genesis and genetics

In the last years, the knowledge of OA has grown exponen-
tially; however, there are still gaps that have not been possible
to address. Currently, cases of OA in very young people are
most frequently reported, which gradually induces to change
the concept that OA is a disease of elders only. Also, there
are very heterogeneous intermediate phenotypes defining the
different degrees of severity of OA, since slight crackles of
joint, until total loss of articular cartilage. This process is com-
plex, but it is thought that the interaction of biomechanical
stress, proinflammatory cytokines, metabolic, environmental,
and mainly genetic factors, are the orchestrators that promote
the disruption of cartilage homeostasis and initiation of the
catabolic pathway.>17-2?
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Search terms entered in PubMed database: “HIF-1cor “osteoarthritis” or “articular cartilage”
or “HIF-1o polymorphisms” or “HIF-1a. signaling pathway” or “hypoxia” or “rheumatic diseases”,
and the combined phrases in order to obtain all genetic studies on the relationship of
genetic polymorphisms of signaling pathway of HIF-1o. associated
with osteoarthritis.

5599 studies identified in
database search

v

5214 studies excluded: not published in english,
case reports, clinical trials, letters to the editor that
were purely commentary, published before 2000.

v

383 potential eligible studies
identified

—>

309 studies excluded not related to given topic.

v

76 full-tex articles assessed
for elegibility

Fig. 1 - Representation of the search strategy.

Although the pathophysiology of OA is not fully charac-
terized, several candidate genes have been reported to be
associated with OA susceptibility. Fernandez-Moreno et al.
determined that despite the multifactorial nature of OA, it
not follows the Mendelian inheritance patterns, most likely
by the alterations of gene interactions.?’ They analyzed differ-
ent genes located on different chromosomes, and the results
revealed the complexity of this field. Table 1 shows some genes
and their relationship with the different phenotypes of OA
described in this study.

Meulenbelt published a study aimed to determine which
signaling pathways were most important to the development
of OA.® The most common pathways or genes were the 7q22
locus containing multiple potential genes, the growth differ-
entiation factor5 (GDF5) gene, frizzled related protein (FRZB)
gene, the deiodinase iodothyronine, type II (DIO2) gene and
the SMAD3 gene.

The genetic bases in OA can further refine the under-
standing of the genotype-phenotype relationship, through the
presence of single nucleotide polymorphisms (SNP). A genetic
polymorphism can be a pivot between a mechanism of resis-
tance or susceptibility in a disease. Genetic polymorphisms
that affecting a coding or regulatory sequence and produce
major changes in protein structure or mechanism of regu-
lation of expression, can result in different phenotypes.??*
In Table 2 we show some SNPs with phenotypes well estab-
lished.

Function and structure of articular cartilage

Articular cartilage is a highly specialized tissue of joints; its
principal function is to provide a smooth, lubricated surface
for articulation and to facilitate the transmission of loads with
a low frictional coefficient. Injury to articular cartilage is rec-
ognized as a cause of significant musculoskeletal morbidity.
The unique and complex structure of articular cartilage makes
treatment, and repair or restoration of its defects challeng-
ing for the patient, the surgeon, and the physical therapist.
The preservation of articular cartilage is highly dependent on
maintaining its organized architecture.*

Articular cartilage is the primary target tissue in the degen-
erative process; there are very particular characteristics that
make it different from the others, protruding their lack of
capillary network. Articular cartilage consists of extracellu-
lar matrix (ECM), proteoglycans, chondrocyte, collagen and
water; receives its nutrients and oxygen supply by diffusion
from the dynamic flow of synovial fluid and subchondral bone.
The regulation of metabolism of articular cartilage involves
a vast network of signaling pathways that, in the case of
OA, the delicate balance between synthesis and degradation
of ECM, is strongly affected. Thus, the osteoarthritic process
begins with a decreased resistance to extrinsic stress of chon-
drocytes, along with changes in the activity of proliferation,
energy metabolism and response to growth factors.*’*¢ The
breakdown of cartilage during the OA pathogenesis is not
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Table 1 - Genes associated with the development of OA.

Gene Chromosome Phenotypic
manifestation
COL2A1, 1,6,12 Early onset OA
COL11A1,
COL11A2
COL9A1 6 Early onset of knee
OA
MATNS3 2 Early onset of hand
and knee OA
COMP 19 Early onset of hip OA
hip
COL1A1 17 Reduction of hip OA
in women
BMP2 20 Reduction of knee
OA in women
TGFB1 19 OA
FRZB, IL4R 2,16 Hip OA in women
IL1, ASPN, TIMP3 2,9,22 Hip and knee OA
IL6 7 Hip OA
AGC1 15 Hand OA
VDR 12 Arthritis in several
joints
ERA 6 OA in women
ADAM12, LRCH1, 3,10, 13 Knee OA
TNA
CILP 15 Knee OA in men
CALM1 14 Hip OA in Japanese
population
IGF-1 12 Increased risk of OA
IL17 6 Susceptibility to
develop OA

Taken and modified from Fernadndez-Moreno et al.?°

only related to the loss of ECM but also chondrocytes death.
Chondrocyte death by apoptosis, necrosis, chondroptosis, or
combination of these processes has been implicated in the
pathogenesis of OA.Y

The HIF-1a system

HIF-1« is a transcriptional factor encoded by the HIF1A gene
located within chromosome 14g21-24 and is formed by 15

exons; HIF-1a consists of 826 amino acids and it has a molec-
ular weight of 120kDa.*® HIF-1a is a heterodimer of two
chains, alpha chain (regulated by oxygen) and beta chain,
both arranged in a double helix (basic helix-loop-helix, bHLH).
There are two nuclear localization signal (NLS), but only that
found in the C-terminal position it is responsible for the accu-
mulation of HIF-1« in the nucleus. In the N-terminal region,
is located the bHLH and PER-ARNT-SIM A (PAS A) domains,
necessary for dimerization and DNA binding through hypoxia
response elements (HRE). Finally, the active site of this pro-
tein is an oxygen dependent degradation domain (ODDD) that
functions as an oxygen sensor (Fig. 2).4%>!

Under normoxia and in the presence of Fe’* and 2-
oxoglutarate, the specific proline residues 402 and 564 are
hydroxylated on ODDD domain by prolyl-hydroxylases (PHDs)
oxygen dependents, to form a complex with the factor of
von Hippel-Lindau (VHL); in turn, this complex binds to ubig-
uitin (Ub) and it subsequently degraded in the proteasome
(Fig. 3).

An external stimulus cellular, as a growth factor that
binds to its receptor tyrosine kinase, triggers a cas-
cade of signaling pathways within the cell. For example,
vascular endothelial growth factor (VEGF) activates the
phosphatidylinositol-3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) pathways (ERK1 and ERK2).>? PI3K acti-
vates the serine/threonine kinase (AKT), and AKT activates the
FKBP12 rapamycin-associated protein, mTOR, RAFT (FRAP),
which induces the expression of HIF-1a.

Under conditions of reduced oxygen (hypoxia), PHDs activ-
ity decreases, which stabilizes HIF-1a and accumulates in the
cytoplasm to be phosphorylated by MAPK.>*>> Once phos-
phorylated, HIF-1a it translocates to the nucleus and binds
to HIF-1B subunit (also known as aryl hydrocarbon nuclear
translocator, ARNT) to form the [HIF-1a/HIF-18] complex. This
complex through the HRE, binds to specific DNA sequences
5'TAGCGTGH3' present in promoter regions of genes for sub-
sequent expression.*/,>>°6

Some of these target genes include nitric oxide synthase
2 (NOS2), vascular endothelial growth factor (VEGF), eryth-
ropoietin (EPO), some glucose transporters (GLUT1, GLUT3),
Insulin-like growth factor type 2 (IGF2), which potentially acts
in order to maintain the chondroprotective functions chal-
lenged by the detrimental conditions occurring in the OA

Table 2 - Single nucleotide polymorphisms (SNP) associated with OA processes.

Gene/dbSNP rs Id

Phenotype

First author [Reference]

WISP1 rs2929970
RAGE 152070600
DVWA 157639618

ACE rs4343, rs4362
MATN3 rs8176070
DIO2 rs225014
ADAMTS14 rs4747096
ADAM12 rs1871054
HIF1A rs11549465

IL6 rs1800796

IL16 rs11556218, rs4072111, rs4778889
GDF5 rs143383

Susceptibility to OA
Susceptibility to OA

Increased risk of OA

Susceptibility to spinal OA in woman
Susceptibility to knee OA
Susceptibility to knee OA
Susceptibility to knee OA

knee OA in woman (Thai population)

Protective role in the loss of articular cartilage
Protective factor for hip and knee OA in the elderly
Decreased knee OA risk

Protective factor for knee OA

Urano et al.”®

Han et al.?®

Zhang et al.”’

Qing et al.?®

Gu et al.”®

Meulenbelt et al. *°
Poonpet et al.*!

Wang et al.*?; Kerna et al.*>
Fernandez et al.**
Fernandes et al.>®

Luo et al.’®; Liu et al.?”

Pan et al.’®; Tawonsawatruk et al.>*
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Fig. 2 - Structure of hypoxia inducible factor 1-a (HIF-1a). The NH2-terminal of HIF-1a and HIF-1f consists of bHLH (basic
helix-loop-helix) and PAS (Per-ARNT-Sim homology) domains that are required for heterodimerization and DNA binding.
The COOH-terminal of HIF-1« (residues 531-826) contains two transactivation domains (TADs). The short half-life of HIF-1«
under nonhypoxic and posthypoxic conditions is due to rapid ubiquitination and proteasomal degradation. HIF-1« residues
400-600, this region was designated the oxygen-dependent degradation domain (ODDD).

joint environment (Fig. 4).8°4>° This relationship among dif-
ferent genes renders the close relation of HIF-1a with several
pathologies.®0-64

Genetic polymorphisms in the HIF-1a system
and their importance in OA

To try to explain simply the interaction of genetic polymor-
phisms associated with HIF-la with importance in OA, we
divided this system into three stages: (1) genes that activate

021\
>

HIF-1q; (2) proteins that directly interact with HIF-1«; and (3)
genes driven by HIF-1a.

Genes that activate HIF-1« system

HIF-1a activation can start by the binding of different proteins
to their receptors on the cell membrane; these proteins may be
enzymes, growth factors, interleukins or other type molecules;
that they can be affected by the presence of genetic polymor-
phisms which may be associated with the development of OA.
Yang et al. analyzed the effect of receptor advanced glyca-
tion end products (RAGE) polymorphisms on susceptibility to

Normoxia

Ubiquitination

(?
r
O
l

VHL

Hidroxilation

fPHD\<;b_.

Proteasome
@
r
R
U
(H IF-1To )—»

< > egradatlon

Fig. 3 — HIF-1a activity under normoxic conditions. Under normoxia conditions, the specific proline residues 402 and 564 on
ODDD domain are hydroxylated by oxygen dependent prolyl-hydroxylases (PHDs) that leads to the formation of a complex
with the von Hippel-Lindau (VHL) factor; which in turn, binds to ubiquitin (Ub) and is subsequently degraded by the

proteasome.
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Fig. 4 - HIF-1« activity under hypoxic conditions. Under hypoxic conditions, HIF-1« is stabilized and phosphorylated by
MAPK; once phosphorylated, HIF-1a translocates to the nucleus and binds to HIF-1f subunit to form the [HIF-1a/HIF-1f]
complex. This complex, through the HRE, binds to specific DNA sequence 5TAGCGTGH3' present in the promoter regions of

several genes for their subsequent activation.

and severity of OA in a Han Chinese population. RAGE par-
ticipates in regulating inflammation, even in the production
of matrix metalloproteinases (MMPs). MMP-1 degrades carti-
lage, which may result in OA development. They found that
two polymorphisms (rs1800625 and rs2070600) in RAGE gene
showed a significant association between OA patients and
healthy controls (OR=0.42, p=0.016, and OR=2.78, p=0.047,
respectively).®® In the study performed by Han et al.,?® they
evaluated that the presence of rs2070600 polymorphism in
RAGE gene in interaction with obesity, may determine the sus-
ceptibility of knee OA.

Swellam et al. reported a potential influence of intereukin-
1 receptor antagonist (IL-1RA) gene polymorphism on knee
OA risk. IL-1 gene is supposed to be involved in the carti-
lage destruction process. In this regard, interleukin-1 receptor
antagonist (IL-1RA) competing with IL-1 for binding to its
receptor may act as an inhibitor of cartilage breakdown. They
conducted a case-control study with knee OA patients, and
concluded that IL-1RN*2 allele represent a significant factor
influencing the severity and course of knee OA (p =0.002).%°

Fernandes et al, analyzed the influence of pro-
inflammatory cytokine IL-6 with severity and functional
status of OA in elderly individuals, and determined that
the rs1800796 polymorphism is a protective factor for the
presence and severity of hip and knee OA in the elderly. The
individuals harboring the C allele have lower prevalence and
severity of OA when compared to individuals without this
polymorphism.3®

Meanwhile, interleukin-16 (IL-16), a pleiotropic cytokine,
plays a fundamental role in inflammatory diseases. Liu et al.
determined that, compared with the C/C genotype, the C/T

genotype increased the risk of primary knee OA in rs4072111
of IL-16 gene (OR=1.83); however, compared with the T/T
genotype, the T/G genotype decreased the risk of primary
knee OA in rs11556218 polymorphism (OR=0.37).>’ Likewise,
Luo et al. evaluated the same polymorphisms and deter-
mined the same behavior.® These results suggest that IL-16
gene polymorphisms are associated with the risk of knee
OA.

Finally, there are other genes associated with activation of
HIF-1q, such as PIK3R1, AKT2, GSK3B, IL6, and it will be neces-
sary to explore their genetic variants and to determine their
participation in the development of OA.

Proteins that interact directly with HIF-1«

The stabilization of HIF-1a in the cytoplasm basically depends
on the hydroxylation at specific sites within of the ODDD
domain. However, the presence of genetic polymorphisms
could alter the structural properties of the transcripts, and this
may influence the susceptibility or resistance to diseases, such
as was analyzed by Uchanzka et al. in autoimmune diseases
associated with HLA-B*27 allele.®’

In 2003 Tanimoto et al. demonstrated that the substitution
of proline by serine in the 582 (P582S) position, due to the pres-
ence of single nucleotide polymorphism (rs11549465) within
HIF1A gene, enhances its transcriptional activity,”® due to an
alteration in the characteristics and properties of the binding
sites with the target genes.®”%® Recently, our group evaluated
the presence of this polymorphism in samples of patients
with OA, finding that was associated positively as a protec-
tive factor in cartilage loss (CT genotype OR=0.2, p=0.003,
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Fig. 5 - The presence of rs11549465 polymorphism, generates a change of proline by serine, which confers greater stability
to the HIF-1« protein due to poor interaction between VHL and hydroxylation sites within the ODDD.

or T allele OR=0.2, p=0.004).3* This phenomenon may be
explained by the fact that the presence of this polymorphism
confers greater stability to the HIF-1a protein due to poor inter-
action between VHL and hydroxylation sites within the ODDD
(Fig. 5).

Other polymorphism medically important, with increased
transcriptional activity within HIF1A gene that also was tested
by Tanimoto et al., is Ala588Thr (rs11549467). Similarly, we
evaluate this polymorphism in patients with OA, but did not
find him associated. However, this opens the possibility to be
evaluated in other populations in order to better understand
their influence in OA.

Additionally, it have been described polymorphisms for
EGLN1 (also known as PHD2, prolyl-hydroxylase 2), VHL and
HIF1AN (HIF1A inhibitor factor) genes interacting directly with
HIF-1a, but not have been evaluated in OA and that may
be of clinical importance in this disease. Some studies in
rheumatoid arthritis (RA) demonstrated the expression and
regulation of prolyl hydroxylase domain (PHD) enzymes and
factor-inhibiting HIF-1a (FIH-1), which regulate cellular HIF-
lo levels. It is known that RA is characterized by hypoxia
and the expression of hypoxia-inducible transcription factors
(HIFs), which coordinate cellular responses to hypoxia. Muz
et al. conducted this study in RA fibroblast-like synoviocytes,
and concluded that PHD-2 is the major hydroxylase regu-
lating HIF levels and the expression of angiogenic genes in
arthritic cells. PHD-2 appears to regulate responses relevant to
arthritis via HIF-a, highlighting the major importance of this
enzyme in hypoxia- and angiogenesis-dependent inflamma-
tory diseases.®® This makes us suppose that the presence of
genetic polymorphisms of these genes may affect the stability
of HIF-1a contributing importantly in the OA disease.

Genes driving by HIF-1«

OA chondrocytes are metabolically active, displaying
increased synthesis of type II collagen. In comparison with

healthy cartilage, OA articular chondrocytes exhibit increased
in vivo synthesis of collagen prolyl-4-hydroxylase type II, a
pivotal enzyme in collagen triple helix formation.”’ Once
stabilized HIF-1a in the cytoplasm, several downstream genes
are expressed in order to restore multiple components of the
extracellular matrix. The presence of genetic polymorphisms
in these genes may alter the function of specific proteins that
restore joint tissues, promoting the development of OA.

Raine et al. performed an allelic expression analysis of
the OA susceptibility gene COL11A1 in human joint tissues.
By using RNA from OA cartilage of individuals undergo-
ing elective joint replacement for OA of the hip (total
hip replacement, THR) or of the knee (total knee replace-
ment, TKR), they observed a significant allelic expression
imbalance (AEI) at rs1676486 (p <0.0001) with the T-allele cor-
relating with reduced COL11A1 expression. AEI at rs1676486
is a risk factor for lumbar disk herniation, but not for
OA.7!

Rodriguez-Fontenla et al. conducted a meta-analysis of
nine GWAS to assess candidate genes for association with
OA, and only 2 of the 199 candidate genes (COL11A1 and
VEGF) were associated with OA in the meta-analysis. Two
polymorphisms in COL11A1 gene (rs4907986 and rs1241164)
showed association with hip OA in the combined analysis
(OR=1.12,p=1.29 x 10~>, and OR=0.82, p=1.47 x 10>, respec-
tively); and the rs4908291 with the sex stratified analysis in
women only (OR=0.87, p=1.29 x 10~°). Other polymorphism
in VEGF gene (rs833058) showed association with hip OA in
men only (OR=0.85, p=1.35 x 10°).72

The oxygen and nutrients supply to articular cartilage is
by diffusion from the synovial fluid. The role of vascular
endothelium growth factor (VEGF) is critical for angiogene-
sis in subchondral bone.? There are only few studies related
with gene variants of VEGF gene that may contribute to the
development and progress of OA.

Sanchez et al. evaluated two polymorphisms of VEGF gene,
—460T/C and +405C/G, in patients with knee OA and compared
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with healthy controls, but did not find association.”® Yuan
et al. conducted a meta-analysis to order understand the rela-
tionship between the pathogenesis of OA and the expression
levels of VEGF in multiple disease tissues in these patients.
A total of 11 case-control studies, containing 302 OA patients
and 195 healthy controls, demonstrate that VEGF expression
levels in OA patients are significantly higher than healthy con-
trols (standardized mean difference=1.18, 95% CI: 4.91-9.11,
p<0.001), and these levels strongly correlate with the patho-
genesis of osteoarthritis.”*

One of the mechanisms of cartilage degradation in OA is
enzymatic proteolysis of the extracellular matrix by metallo-
proteinases. MMP-1, produced by chondrocytes and synovial
cells, is a major protease of the MMPs family.

Barlas et al. evaluated three polymorphisms in the pro-
moter of matrix metalloproteinase-1 (MMP-1), MMP-2 and
MMP-9 genes in patients with knee OA and compared with
ethnically matched control. They found significant differences
between the groups regarding the genotype distribution of
MMP-1 polymorphism (p =0.001). The frequencies of 1G/1G and
1G/2G genotypes were significantly higher in the knee OA than
in the controls (p=0.002, and p =0.006, respectively). In addi-
tion, 1G allele frequency of MMP-1 gene was higher in the
patients than in the control group (p=0.0001). The genotype
distributions and allele frequencies of MMP-2 and MMP-9 gene
polymorphisms did not differ between the OA and the control
groups (p >0.05). These findings suggest that the —1607 1G/2G
polymorphism (rs1799750) in the MMP-1 gene may contribute
to susceptibility to knee OA.”>

Similarly, Lepestos et al. evaluated the rs1799750 poly-
morphism in MMP-1 gene, but they did not find significant
association in crude analysis; however, after multiple logis-
tic regression analysis, 1G/2G was associated with reduced
odds of knee OA by 75% in males, compared to genotypes
1G/1G +2G/2G, adjusting for age and BMI (adjusted OR=0.25,
p=0.035).76

Finally, Honsawek et al. analyzed the MMP-3 (rs3025058,
—1612) polymorphism with knee OA patients. The 5A allele
frequency was indicated as 15.5%, and 6A allele was as 84.5%
in OA patients, whereas it was 10-90% in the control group.
Accordingly, the present study has indicated that the —1612
5A/6A polymorphism genotypes of MMP-3 gene promoter do
not play a role in the development of OA.”’

These results suggest that the MMPs family activity is influ-
enced by presence of genetic variants, which would break the
balance between synthesis and degradation of extracellular
matrix, and this condition may contribute to susceptibility of
OA.

Nitric oxide (NO) is essential in the maintenance of vascular
tonus and the presence of endothelial impairment (reduced
vascular relaxation) may suggest a problem regarding the NO
pathway. NO is produced by endothelial NO synthase (eNOS),
and its production can be influenced by polymorphisms of
the eNOS gene.”® To date, no studies have been done related
with OA and genetic polymorphisms of NOS; however, several
genetic polymorphisms in the eNOS gene are associated with
the pathogenesis of RA.

The level of NO is increased in RA patients, and a study
suggested that NO can regulate the balance of Th1/Th2 in

autoimmune diseases, and it was a key mediator of apo-
ptosis within rheumatoid arthritis joints. An et al. studied
two polymorphisms of the eNOS gene (rs2070244, T-786C; and
rs1799983, G894T) in patients with RA, and observed that indi-
viduals with the —786CC genotype have an increased risk of
R.A.79

Brenol et al. evaluated the T-786C polymorphism in RA
patients comparing with extraarticular manifestations. They
found that the C allele was significantly associated (p cor-
rected =0.032), suggesting the participation of the T-786C
polymorphism of the eNOS gene and RA.20

These results we make suppose that eNOS gene polymor-
phisms can have an important impact on development of OA;
it will be necessary to explore these genetic variants to cor-
roborate it.

The erythropoietin-mediated bone marrow response to
anemia is under the control of hypoxia-inducible factors
(HIFs), the master regulators of oxygen and iron homeostasis.
The hypoxic characteristics of joint cartilage make that HIF-
la participates actively allowing transcription of target genes.
Erythropoietin (EPO) gene is expressed after of an increase of
HIF-1a on cytoplasm.®18? But to date, no scientific evidence
that supports the possible association between erythropoie-
tin and cartilage loss in OA; and even more, the presence of
polymorphisms in EPO gene could represents an important
factor associated with risk of OA.

Clinical relevance of PHDs inhibitors as
potential therapeutic targets in OA

To date, HIF-1 inhibitors are classified by their HIF inhibitory
mechanism, including affecting on HIF-1a protein level, HIF-
1 dimerization, HIF-1 DNA binding, or HIF-1la transcription
of target genes.®> Due to the results described above, the
main objective for achieving a therapeutic effect in the treat-
ment of OA at cartilage level, could stabilize HIF-1a in the
cytoplasm so that it can induce the expression of restora-
tion genes. Naturally, there are genetic polymorphisms that
increase the transcriptional activity of HIF-1a in comparison
with common isoform. At the experimental level, has evalu-
ated the Dimethyloxallyl Glycine (DMOG), a potent inhibitor
of prolyl-hydroxylases.®* The endogenous HIF-1a levels can
be increased by the suppression of PHD activity, either by
reducing the cellular oxygen level or by combining the Fe
(II) competitively. DMOG is a cell permeable, competitive
inhibitor of the PHDs. DMOG is an analog of 2-oxoglutarate,
and in this way it inhibits not only the HIF prolyl but also
asparaginyl hydroxylases. Beside that it is predicted to inhibit
other members of 2-oxoglutarate-dependent dioxygenases.
There are three HIF-prolyl hydroxylases known in mammals,
and they are encoded by separate genes: PHD1, PHD2, and
PHD3. Like all 2-oxoglutarate-dependent dioxygenases, PHDs
require oxygen for hydroxylation, as well as tricarboxylic
acid cycle intermediate, 2-oxoglutarate (a-ketoglutarate), iron
(Fe?*), and ascorbate as cofactors. When oxygen levels are
low, HIF-1a escapes PHD hydroxylation and recognition by the
VHL.85’86
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Other inhibitors of PHDs with potential beneficial effects
are deferoxamine (DFO) and cobalt chloride (CoCl,), an iron
chelator and a competitive inhibitor of iron, respectively; they
are routinely used both in vitro and in vivo to inhibit PHDs activ-
ity by competing for endogenous iron (II). Other iron chelators,
such as ciclopirox olamine, and competitive inhibitors of
iron, such as Cu?*, Zn?*, and Mn?*, are also used as PHDs
inhibitors.>?

Likewise, there are studies showing that HIF-1a and its tar-
get gene VEGF, are critical regulators of angiogenic-osteogenic
coupling.”#’ In addition to chondrocytes, osteoblasts also
express HIF-la and promote skeletal vascularization dur-
ing endochondral bone formation; manipulation of the HIF
system via pharmacological or genetic approaches, is an
attractive strategy for treating hypoxic diseases, including
skeletal diseases such as subchondral bone inflammation dur-
ing OA.>*

Conclusion

Is worth mentioning that several associations’ studies
between SNPs and OA disease remain unconfirmed or con-
troversial due to bias in patient enrolling criteria differences
in OA affected joint sites, in classification and staging mode.

Cartilage destruction in OA mediated by catabolic
enzymes and chondrocyte death, including apoptosis and/or
autophagy, also contribute to the pathogenesis. The studies
showed that the expression of HIF-1 is increased in OA
cartilage to mediate the response of chondrocytes to hypoxia;
HIF-1 acts as a survival factor by enhancing extracellular
matrix synthesis and inhibiting apoptosis®®; HIF-1 serves to
regulate both autophagy and apoptosis and HIF-1 is of pivotal
importance in cartilage homeostasis.®® Also, it will also be
necessary to explore other isoforms of HIF, such as HIF-2q,
which it seems to have the opposite effect to HIF-1a. The
HIF-2 protein acts as a brake on the autophagy-accelerator
function of HIF-1, and promotes chondrocyte hypertrophy, a
terminal differentiation state characterized by a unique gene
expression program, including type X collagen and the type II
collagen-degrading protease MMP-13.°

Although further studies should elucidate the exact mech-
anism of HIF-1in OA the current evidence induce to consider it
as a promising approach to the treatment of OA. However, the
results have been reported to indicate that genetic markers
could contribute to the understanding of the natural history
of this disease.
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m ACTA DE DISERTACION PUBLICA

Casa abierta al tiempo

UNIVERSIDAD AUTONOMA METROPOLITANA No. 00079
Matricula: 2153804367

4 N N

Interactoma de los

polimorfismos de un solo En la Ciudad de México, se presentaron a las 12:00 horas
nucleétido de la via de del dia 5 del mes de septiembre del afio 2019 en la Unidad
seflalizacién del Factor Iztapalapa de la Universidad Auténoma Metropolitana, los
Inducible de Hipoxia- la en suscritos miembros del jurado:

pacientes mexicanos con

osteocartritis de rodilla. DRA. MARIA CONCEPCION GUTIERREZ RUIZ

DR. GABRIELA ANGELICA MARTINEZ NAVA
DR. OSCAR HERNANDEZ HERNANDEZ

DR. ALBERTO HIDALGO BRAVO

DR. LUIS ENRIQUE GOMEZ QUIROZ

Bajo la Presidencia de 1la primera y con cardcter de
e Secretario el Ultimo, se reunieron a la presentacién de la
Disertacién Publica cuya denominacién aparece al margen,
para la obtencién del grado de:

DOCTOR EN CIENCIAS BIOLOGICAS Y DE LA SALUD

DE: JAVIER FERNANDEZ TORRES

y de acuerdo con el articulo 78 fraccidén IV del Reglamento
de Estudios Superiores de la Universidad Auténoma
Metropolitana, los miembros del jurado resolvieron:

fJAWERFERNANDEZTORRES

- - ALUMNO ;
, 1 A oo
LA
Acto continuo, la presidenta del Jjurado comunicé al
interesado el resultado de la evaluacién vy, en caso
D aprobatorio, le fue tomada la protesta.
W
MTRA. ROSALY RANO DE LA PAZ
DIRECTORA DE/SI$TEMAS ESCOLARES
. » . 7
' N N\ )
DIRECTORA DE LA DIVISIQN DE CBS PRESIDENTA VOCAL
DR UCIA CAMARGO RICALDE DRA. MARIA CONCEPCION GUTIERREZ RUIZ DR. GABRIELAANGELICA MARTINEZ NAVA
\ J 7\ J
4 N 7 W ' E
Vi SECRETARIO
DR. OSCAR HER DEZ HERNANDEZ DR. ALBERTO HIDALGO BRAVO DR. LUIS ENRIQUE GOMEZ QUIROZ




