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 Abstract 
 Lung  cancer  remains  a  prominent  cause  of  cancer-related  mortality  worldwide  and  is 

 characterized  by  numerous  genetic  predispositions  and  environmental  factors.  This  review  will 
 highlight  how  mutations  in  genes  that  are  components  of  critical  molecular  processes  influence 
 the  development  of  lung  cancer.  It  will  also  highlight  environmental  influences,  such  as  smoking, 
 air  pollution  and  age.  Genetic  predispositions  can  significantly  increase  susceptibility,  while 
 environmental  exposures  can  often  act  as  triggers  or  amplifiers  of  genes  that  ultimately  result  in 
 cancer.  Given  the  substantial  impact  of  lung  cancer  on  human  health,  understanding  how 
 genetic  and  environmental  factors  contribute  to  the  development  of  lung  cancer  is  crucial  for 
 advancing personalized medicine and improving population health outcomes. 

 Introduction 
 Cancer  is  a  major  health  problem  worldwide  and  is  responsible  for  being  the  second 

 leading  cause  of  death  in  the  United  States.  Lung  cancer,  being  the  most  frequent  cause  of 
 cancer  deaths,  leads  to  over  1.5  million  deaths  each  year  worldwide.  Depending  on  the  disease 
 stage,  the  5-year  survival  rate  of  lung  cancer  ranges  from  4-17%  [1].  Cancer  incidence, 
 especially  in  lung  cancer,  increases  with  age,  with  the  median  age  of  diagnosis  being  70  years 
 old.  However,  individuals  below  the  age  of  55  make  up  to  10%  of  the  lung  cancer  population 
 within  the  United  States.  In  recent  years,  the  number  of  young  adults  who  develop  lung  cancer 
 has  increased,  and  is  speculated  to  be  the  result  of  certain  environmental  factors.  Research 
 regarding  young-onset  lung  cancer  is  still  being  refined,  and  researchers  are  still  gathering  data 
 on its complex nature [2]. 

 Often  when  discussing  the  development  of  lung  cancer,  researchers  consider  the  impact 
 of  nature  vs  nurture.  Smoking  and  other  environmental  factors  contribute  to  the  “nurture”  aspect 
 regarding  the  development  of  lung  cancer.  These  environmental  factors  can  influence  the 
 occurrence  of  genetic  and  epigenetic  events  [1].  These  events/processes  as  well  as  the  genetic 
 predispositions  within  an  individual  comprise  the  “nature”  aspect  when  it  comes  to  lung  cancer 
 development.  Essentially,  nature  refers  to  the  inherent  features/characteristics  of  an  individual 
 while nurture focuses on how one’s environment influences these features. 

 When  it  comes  to  treating  lung  cancer,  doctors  use  various  approaches  depending  on  the 
 subtype  of  lung  cancer.  The  two  major  subtypes  being  non-small  cell  lung  cancer  and  small  cell 
 lung  cancer.  Non-small  cell  lung  cancer,  the  most  common  subtype,  is  usually  approached  with 
 chemotherapy  and  thoracic  radiotherapy  [1].  Though  in  recent  years,  patients  with  advanced 
 NSCLC  have  been  treated  with  molecular  targeted  therapy.  Molecular  targeted  therapy  uses 
 high-throughput  sequencing  technology  and  has  been  advanced  for  younger  patients  with  lung 
 adenocarcinoma, a classification of NSCLC [1]. 

 Genetic Factors Related to the Development of Lung Cancer 
 Lung  cancer  is  a  complex  disease  driven  by  a  series  of  genetic  and  molecular  alterations 

 that  disrupt  normal  cellular  processes.  When  mutated,  genes  play  a  crucial  role  in  cancer 
 development  since  they  disrupt  various  molecular  processes  within  the  body.  These  commonly 
 include  regulation  of  cell  growth,  division,  and  survival  [2].  Some  gene  mutations  commonly 
 found  in  non-small  cell  lung  cancer  include  TP53,  KRAS,  and  EGFR  (Figure  2).  By 

 1 



 understanding  the  genetic  factors  and  their  corresponding  molecular  process,  scientists  are  able 
 to uncover mechanisms of cancer and hope to develop further treatments. 

 At  the  heart  of  cancer  development  are  alterations  in  specific  genes  responsible  for 
 controlling  critical  cellular  functions.  These  genes  can  be  broadly  categorized  into  two  types: 
 oncogenes  and  tumor  suppressor  genes.  Oncogenes,  when  mutated  or  overexpressed,  drive 
 cancer  by  promoting  excessive  cell  growth  and  survival  [3].  For  example,  when  the  EGFR  gene 
 undergoes  mutations  or  changes  in  its  structure,  leading  to  a  change  in  the  frequency  in  which  it 
 carries out its function, ultimately leading to uncontrolled cell proliferation [3]. 

 In  contrast,  tumor  suppressor  genes,  such  as  TP53,  produce  proteins  that  inhibit  cell 
 division  between  cells  that  may  develop  into  cancerous  tumors.  Mutations  in  these  genes  can 
 impair  their  regulatory  functions,  allowing  cells  with  damaged  DNA  to  continue  dividing  and 
 accumulating  further  mutations,  an  indicator  of  cancer.  These  genetic  changes  disrupt  key 
 molecular  processes,  including  cell  cycle  regulation,  apoptosis,  and  genomic  stability,  leading  to 
 the initiation and overall development of cancer [4]. 

 Figure  1.  Key  molecular  processes  dysregulated  in  lung  cancer.  This  is  not  an  exhaustive 
 list  of  molecular  processes  dysregulated  in  lung  cancer,  but  these  are  the  processes  this  review 
 will focus on. 

 Proliferation 
 Proliferation  is  the  rapid  and  repeated  production  of  masses  of  cells  by  a  rapid 

 succession  of  cell  divisions.  In  order  to  begin  the  process  of  cell  division,  cells  receive  signals 
 produced  by  genes  involved  in  proliferation.  Epidermal  growth  factor  receptor  (  EGFR  )  plays  a 
 prominent  role  in  regulating  cell  proliferation  [3].  While  essential  for  proliferation,  mutations  of 
 EGFR  can  lead  to  the  development  of  lung  cancer  tumors.  Mutations  as  well  as  overexpression 
 of  EGFR  have  appeared  in  43-89%  of  non-small  cell  lung  cancer  cases  [5].  In  young-onset 
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 NSCLC,  the  most  common  gene  mutation  lies  in  EGFR  ,  which  ranges  from  20%-57%  of  cases 
 [2].  EGFR  mutations  activate  the  EGFR  -signaling  pathway,  further  promoting  cell  proliferation 
 and  deceiving  cells  into  thinking  they  require  more  frequent  signals  from  functional  EGFR  for 
 survival  [3].  Out  of  the  various  mutations  affecting  EGFR  ,  the  two  most  common  include:  1) 
 short  in-frame  deletions  of  exon  19  which  appear  in  45-50%  of  mutations  2)  point  mutation  of 
 CTG  to  CGG  in  exon  21  [3].  These  mutations  appear  frequently  in  NSCLC  cases,  especially  in 
 patients who have never smoked. 

 Apoptosis 
 Apoptosis,  also  known  as  programmed  cell  death,  is  an  effective  physiological  process 

 that  removes  redundant  or  damaged  cells  from  tissues.  Apoptosis  can  proceed  through  2  main 
 pathways:  extrinsic  and  intrinsic  [6].  Inhibition  of  apoptosis  is  a  famous  hallmark  of  cancer  since 
 cells  that  can  accumulate  oncogenic  events  are  given  the  opportunity  to  accumulate,  which  is  a 
 crucial  component  of  tumor  development  [4].  The  TP53  gene  is  noted  for  its  role  as  tumor 
 suppressor  that  oversees  the  cell  cycle,  apoptosis,  and  regulating  genomic  stability.  It  is  also 
 well  studied  due  to  it  being  the  most  mutated  gene  found  in  human  cancers.  After  IMPACT 
 sequencing  of  240  NSCLC  tumor/normal  pairs,  TP53  mutations  were  discovered  in  58.8%  of 
 cases  [7].  When  dysregulation  of  the  P53  protein  occurs,  the  development  of  various  cancers 
 often  follow.  [8].  Mutations  or  loss  of  P53  disrupt  the  protein’s  function  of  regulating  the  cell  cycle 
 and  facilitating  DNA  repair,  potentially  causing  cells  with  DNA  damage  to  avoid  undergoing 
 apoptosis  and  initiate  tumorigenesis.  Following  this,  mutated  P53  can  also  induce  metastasis, 
 which enhances the migratory and invasive properties of tumor cells [8]. 

 Genomic Stability 
 Genomic  stability  is  an  organism’s  ability  to  maintain  and  pass  on  genetic  material  from 

 one  generation  to  the  next  during  cell  division  while  preventing  genetic  changes.  As  cell 
 divisions  occur,  various  genes  work  to  monitor  and  regulate  cell  growth.  Tumor  suppressing 
 genes  such  as  P53,  Rb1  ,  and  PTEN  play  crucial  roles  in  maintaining  genomic  stability  and 
 ultimately  preventing  the  development  of  cancer  [8].  PTEN  is  one  of  the  most  prominent  tumor 
 suppressor  genes  involved  in  cancer  since  a  decrease  in  its  expression  is  found  in  numerous 
 cancer  tumors.  PTEN  is  responsible  for  fundamental  anti-oncogenic  tasks,  including  but  not 
 limited  to:  maintenance  of  chromosomal  stability  and  ensuring  DNA  repair  through  regulation  of 
 RAD51  ,  a  DNA  repair  protein.  This  allows  it  to  play  a  prominent  role  in  maintaining  genomic 
 integrity  [9].  Loss  of  PTEN  expression  was  found  in  24-44%  of  non-small  cell  lung  cancer  cases. 
 It  was  found  that  24%  of  early  NSCLC  cases  lack  PTEN  expression  due  to  hypermethylation 
 regarding  PTEN  ’s  promoter.  Additionally,  it  was  found  that  69%  of  NSCLC  cell  lines  contained  a 
 PTEN  promoter  that  had  undergone  methylation.  When  cells  are  not  being  regulated  by  a  tumor 
 suppressing  gene  as  important  as  PTEN  ,  complications  with  cell  division  occur  since  any  DNA 
 damage  that  has  occurred  in  the  process  is  not  being  regulated  correctly  and  ultimately  leads  to 
 tumorigenesis [10] 
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 Figure  2.  Frequency  of  gene  mutations  in  non-small  cell  lung  cancer.  Data  from  (Rizvi  et 
 al.,  2018).  Data  downloaded  from  cBioPortal.  The  50  most  mutated  genes  in  NSCLC  from  a 
 study of 240 samples are shown. 

 Environmental Factors 
 The  development  of  lung  cancer  is  influenced  by  a  variety  of  environmental  factors.  Most 

 commonly,  these  factors  involve  chemicals  that  when  traveling  through  the  respiratory  system, 
 are  exposed  to  the  lungs  and  increase  the  risk  of  lung  cancer.  Factors  such  as  exposure  to 
 tobacco  smoke,  air  pollution,  and  radon  gas  have  been  identified  as  major  risk  elements.  By 
 exploring  these  influences,  we  can  hope  to  further  address  and  emphasize  the  risk  of  these 
 factors to ultimately improve public health from diseases as harmful as lung cancer. 

 In  the  1950’s,  scientists  first  discovered  epidemiologic  evidence  connecting  tobacco 
 smoking  and  lung  cancer.  Since  then,  scientists  have  frequently  identified  tobacco  to  be  the 
 primary  risk  factor  for  lung  cancer,  with  it  being  responsible  for  85%  of  lung  cancer  cases  [2]. 
 Containing  over  4000  detectable  substances,  cigarette  smoking  is  one  of  the  most  common 
 forms  of  tobacco  usage  and  is  responsible  for  6  million  deaths  every  year  through  its  role  in 
 cardiovascular  disease  and  lung  cancer  development  [11].  Modeling  projections  from  Jeon  et  al. 
 (2018)  suggests  that  amongst  US  adults  (30-84  years  old),  reduced  tobacco  smoking  prevented 
 800,000  lung  cancer  deaths  between  1975–2000  [12].  Commonly  found  in  tobacco  products, 
 nicotine  can  be  tumor  promoting.  Nitrosamine  NNN  and  NNK  are  nicotine  derivatives  that  act 
 through  the  β  receptor  family,  which  induces  signaling  pathways  and  ultimately  leads  to 
 mutations  in  KRAS  and  TP53  .  Tobacco  smoking  as  well  as  the  nicotine  within  many  tobacco 
 processes  generate  an  increased  risk  for  mutations  regarding  a  variety  of  genes  [11].  These 
 genes  include  a  variety  of  growth  factor  genes  as  well  as  tumor  suppressing  genes.  These 
 mutations  are  most  commonly  involved  in  a  decrease  in  apoptosis,  proliferation  of  tumor  cells, 
 and/or genomic stability. 

 In  recent  decades,  air  pollution  in  populated  areas  has  been  found  to  play  a  role  in  the 
 increase  in  lung  cancer  cases.  In  early  studies  regarding  air  pollution  and  lung  cancer,  lung 
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 cancer  rates  of  urban  and  rural  areas  were  compared.  Majority  of  studies  found  that  urban  areas 
 had  a  30-40%  higher  occurrence  of  lung  cancer  compared  to  rural  areas  and  that  non-smokers 
 made  up  a  higher  portion  of  these  findings  [13].  This  is  due  to  the  mutagenic  and  carcinogenic 
 properties  of  combustion-source  air  pollution  such  as  diesel  exhaust,  which  is  common  within 
 urban  areas  [14].  Several  lines  of  epidemiologic  evidence  also  suggest  that  exposure  to  outdoor 
 air pollution increases the rate of lung cancer. 

 Primarily  found  in  the  ground,  where  it  can  seep  through  old  house  floors  and  cracks, 
 radon  is  among  the  top  four  environmental  risks  to  public  health  in  the  United  States. 
 Radon-222  is  a  radioactive  gas  that  is  a  decay  product  of  uranium-238,  which  is  found  naturally 
 throughout  the  Earth’s  crust  [15].  The  World  Health  Organization  states  that  radon  may  account 
 for  3–14%  of  lung  cancer  cases,  which  would  make  it  the  second  leading  cause  of  lung  cancer 
 in  tobacco  smokers  and  the  leading  cause  in  non-smokers  [16].  Initial  evidence  of  radon 
 influencing  lung  cancer  development  was  found  when  numerous  miners  in  uranium  mines  died 
 of  lung  cancer.  Through  experimental  studies  with  animals,  it  has  been  discovered  that  radon 
 inhalation  does  generate  an  increase  in  risk  of  lung  cancer  development.  Mechanisms  such  as 
 base  mutations  and  chromosomal  breaks  are  just  two  instances  of  radon-induced  cytogenetic 
 damage  [15].  The  European  pooling  study  by  Darby  et  al.  (2004)  analyzed  13  European 
 case-controlled  studies  and  discovered  a  statistically  significant  and  linear  increase  of  5%-31% 
 of  lung  cancer  risk  100  becquerels  (Bq/m  3  )  of  indoor  radon.  By  composing  and  analyzing  17 
 case-controlled  studies  from  various  countries,  Pavia  et.  al  (2003)  determined  that  indoor  radon 
 gas  increased  the  risk  of  lung  cancer  in  patients  exposed  to  more  than  150  Bq/m  3  by  24%  and 
 an odds ratio of 1.24 [16]. 

 Epigenetic  events  are  known  to  alter  gene  expression  without  changing  the  DNA 
 sequence  itself  [1].  Two  notable  epigenetic  events  are  DNA  methylation  and  histone 
 modification  which  can  trigger  genetic  changes  in  various  ways.  DNA  methylation  is  capable  of 
 helping  enhance  the  binding  of  carcinogens.  It  also  is  able  to  silence  tumor  suppressor  genes 
 and  DNA  repair  genes  facilitating  tumorigenesis  such  as  TP53,  BRCA1  and  BRCA2  (Herceg  et 
 al.,  2011).  Smoking  tobacco  can  have  a  strong  influence  on  the  methylation  levels  of  various 
 genes.  Herceg  et  al.  (2011)  observed  a  strong  association  between  MTHFR  hypermethylation  in 
 lung  cancer  and  tobacco  smoking  [18].  MTHFR  is  a  gene  that  is  crucial  for  DNA  synthesis  and 
 repair.  MGMT  is  another  crucial  DNA  repair  protein  and  is  commonly  silenced  when  involved  in 
 carcinogenesis.  It  was  observed  that  MGMT  promoter  hypermethylation  is  a  frequently  occurring 
 event [1]. 

 Future Directions 
 The  future  of  lung  cancer  treatment  and  prevention  lies  in  the  increased  use  of  personalized 
 medicine  and  innovative  biotechnologies.  Depending  on  a  patient's  identified  genetic  mutation, 
 medication  with  specific  agents  tailored  to  the  mutation  should  be  prescribed.  Emerging 
 biotechnologies  such  as  Amivantamab  could  help  treat  cases  of  lung  cancer.  Amivantamab,  a 
 bispecific  antibody  that  recognizes  EGFR  and  MET  ,  has  been  treating  NSCLC  cases  through 
 EGFR  exon  20  insertions.  This  prevents  ligand  binding  to  EGFR  and  the  dimerization  of  the 
 receptors  suppressing  the  downstream  signal  transduction  [19].  Currently,  the  only  way  to 
 prevent  lung  cancer  is  to  avoid  exposure  to  lung  carcinogens.  Even  though  lung  cancer 
 continues  to  develop  in  individuals  who  have  never  smoked,  through  awareness  regarding  the 
 dangers  of  carcinogens,  numerous  cases  of  lung  cancer  have  been  prevented.  Overall,  the 
 promising  future  of  lung  cancer  treatment  relies  on  the  emerging  biotechnological  innovations, 
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 which  will  not  only  treat  cases  of  lung  cancer,  but  prevent  them  through  proactive  measures 
 tailored to individual risk profiles. 

 Conclusion 
 In  conclusion,  with  lung  cancer  as  a  leading  cause  of  cancer-related  mortality  globally,  it 

 is  important  to  understand  both  the  genetic  and  environmental  factors  playing  pivotal  roles  in  its 
 development.  Advances  in  molecular  biology  will  continue  to  deepen  our  understanding  of  the 
 specific  gene  mutations  that  provide  the  foundation  for  this  disease,  and  shed  light  on  the 
 complex  interactions  between  genetics  and  environmental  exposures  such  as  smoking,  air 
 pollution,  and  radon  gas.  As  research  progresses,  the  ability  to  identify  these  mutations  with 
 precision  and  efficiency  is  proving  to  be  vital  for  the  development  of  personalized  treatment 
 strategies.  Tailoring  treatments  to  an  individual's  specific  genetic  makeup  through  methods  such 
 as  targeted  therapies  or  immunotherapy,  holds  great  promise  in  improving  treatment  outcomes 
 and  preventing  escalation  of  any  cancer.  Furthermore,  future  therapeutic  approaches  may  find 
 themselves  relying  on  integrating  genetic  screening  with  a  background  on  an  individual’s 
 exposure  to  environmental  factors,  to  more  accurately  predict  and  devise  individualized 
 prevention  and  treatment  plans.  This  personalized  approach  will  not  only  enhance  the 
 effectiveness  of  lung  cancer  treatments  but  overall  improve  population  health  by  emphasizing 
 the unique genetic and environmental profiles that contribute to the disease. 
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