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 ABSTRACT     SNPs occur within chromatin-modulating factors; however, little is known about 

how these variants within the coding sequence affect cancer progression or treat-

ment. Therefore, there is a need to establish their biochemical and/or molecular contribution, their use 

in subclassifying patients, and their impact on therapeutic response. In this report, we demonstrate 

that coding SNP-A482 within the lysine tridemethylase gene KDM4A/JMJD2A has different allelic 

frequencies across ethnic populations, associates with differential outcome in patients with non–

small cell lung cancer (NSCLC), and promotes KDM4A protein turnover. Using an unbiased drug screen 

against 87 preclinical and clinical compounds, we demonstrate that homozygous SNP-A482 cells have 

increased mTOR inhibitor sensitivity. mTOR inhibitors signifi cantly reduce SNP-A482 protein levels, 

which parallels the increased drug sensitivity observed with KDM4A depletion. Our data emphasize the 

importance of using variant status as candidate biomarkers and highlight the importance of studying 

SNPs in chromatin modifi ers to achieve better targeted therapy. 

  SIGNIFICANCE:  This report documents the fi rst coding SNP within a lysine demethylase that associ-

ates with worse outcome in patients with NSCLC. We demonstrate that this coding SNP alters the 

protein turnover and associates with increased mTOR inhibitor sensitivity, which identifi es a candidate 

biomarker for mTOR inhibitor therapy and a therapeutic target for combination therapy.  Cancer Discov; 

5(3); 245–54. ©2015 AACR.   

See related commentary by Rothbart et al., p. 228.                
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 INTRODUCTION 

 SNPs, the most common type of genetic differences in 

humans, are defi ned as a single base-pair difference in the 

DNA with the least abundant allele present in at least 1% of 

the population ( 1 ). Germline SNPs can be associated with the 

risk and onset of diseases, including cancer ( 2 ). Such variants 

can also predict disease outcome and/or response to treatment, 

even without their direct association with the disorder ( 3 ). 

SNPs located in coding regions and regulatory gene elements 

are more likely to affect protein levels and function, and non-

synonymous SNPs with a low degree of differentiation in the 
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population are signifi cantly more frequent in genes known to 

modulate diseases. Thus, these SNPs likely result in deleterious 

protein function and are of interest for medical research ( 4 ). 

 To date, little knowledge exists about how coding SNPs 

alter the function of chromatin-modifying enzymes ( 5 ). 

Importantly, emerging data on somatic mutations in cancer 

have identifi ed these enzymes as critical cancer genes ( 5 ). For 

this reason, germline variants in these enzymes are likely 

determinants in disease susceptibility and therapeutic drug 

responses. Consistent with this notion, a coding SNP in the 

lysine demethylase gene  KDM4C  has recently been linked 

to breast cancer outcome ( 6 ). Therefore, understanding the 

molecular and biochemical roles of these enzymes and factor-

ing in the impact SNPs have on their biology will be neces-

sary to identify important disease biomarkers and provide 

insights into novel therapies or drug combinations. 

 In the present study, we describe the cellular and bio-

chemical impact of a SNP in the coding region of the lysine 

demethylase gene  KDM4A . KDM4A is a JmjC domain–contain-

ing lysine demethylase targeting H3K9me3, H3K36me3, and 

H1.4K26me3 ( 7 ). Ubiquitination of KDM4A is a major regula-

tory mechanism for controlling the identifi ed functions of this 

protein ( 8, 9 ). Consistent with the need to modulate KDM4A 

levels, tumors have been shown to have both gain and loss of 

 KDM4A  alleles. Although  KDM4A  overexpression and  KDM4A  

copy gain have been shown to affect nuclear functions such as 

site-specifi c copy regulation ( 10 ), defi ned roles for KDM4A loss 

or decreased expression need additional exploration. 

 We have identifi ed a coding SNP within  KDM4A  that results 

in the conversion of the glutamic acid at position 482 to alanine 

(E482A; referred to as SNP-A482). Consistent with this SNP 

having important biologic associations, we observe differen-

tial distribution across ethnic populations and poor outcome 

in patients with homozygous SNP-A482 non–small cell lung 

cancer (NSCLC). Furthermore, we demonstrate that SNP-A482 

increases ubiquitination and protein turnover by increasing the 

interaction of KDM4A with the SKP1-Cul1-F-box (SCF)  com-

plex. An unbiased drug sensitivity screen of cells homozygous 

for SNP-A482 establishes an unprecedented link between 

KDM4A and inhibition of the mTOR pathway. In fact, mTOR 

inhibitors signifi cantly reduce SNP-A482 protein levels when 

compared with wild-type (WT) KDM4A. Consistent with this 

observation, reduced KDM4A protein levels increase mTOR 

inhibitor sensitivity. Taken together, these fi ndings report 

the fi rst coding germline variant in a lysine demethylase that 

affects chemotherapeutic response, which identifi es KDM4A as 

a potential candidate biomarker for mTOR inhibitor therapy.   

 RESULTS  
 SNP-A482 Is Associated with Worse Outcome 
in Patients with NSCLC 

 Our laboratory has recently demonstrated that the lysine 

demethylase  KDM4A  is copy gained and lost in various can-

cers ( 10 ). Consistent with our studies, other groups have 

established that KDM4A protein levels are linked to cell 

proliferation, metastatic potential, and patient outcome for 

lung and bladder cancers ( 11, 12 ). Therefore, we evaluated 

whether there are genetic factors that could infl uence KDM4A 

protein levels and function. Specifi cally, we evaluated non-

synonymous coding SNPs in  KDM4A  because they are more 

likely to alter protein function due to a change in an amino 

acid sequence ( 5 ). Our evaluation of the Database of Single 

Nucleotide Polymorphisms (dbSNP) identifi ed only one cod-

ing SNP for  KDM4A  with reported allele frequencies. 

  KDM4A  SNP rs586339A>C has a minor allele frequency of 

0.238. The rs586339 SNP results in a single base substitution 

that leads to an amino acid substitution: E482 (G A A) to A482 

(G C A). Therefore, we refer to this germline variant as SNP-A482 

( Fig.  1A ). We identifi ed adenine “A” encoding E482 to be the 

major allele (referred to as WT throughout the text and fi gures) 

for two reasons: (i) this amino acid is conserved across species 

( Fig. 1B ) and (ii) both the dbSNP and HapMap analysis reported 

“A” as the major allele. Upon evaluating the HapMap project, we 

observed different allelic frequencies across various ethnic popu-

lations ( Fig. 1C ; ref.  13 ), highlighting an ethnic diversity for this 

SNP. The average HapMap allelic frequency across all evaluated 

populations is 65% for homozygote for the major allele (WT), 

30% for heterozygote, and 5% for homozygote for the minor 

allele (SNP-A482;  Fig. 1C ). The presence of the SNP in cell lines 

was confi rmed using Sanger sequencing ( Fig.  1D ) and restric-

tion fragment length polymorphism (not shown).  

 To further establish whether SNP-A482 had any dis-

ease associations, we evaluated a well-characterized cohort 

of patients with NSCLC ( 14, 15 ) and determined whether 

patients with homozygous  KDM4A  SNP-A482 NSCLC were 

associated with differential outcome based on various clinical 

parameters. Interestingly, NSCLC and non-NSCLC cohorts 

exhibited comparable allelic frequency, suggesting that there 

is no selection against the A482 allele in patients with NSCLC 

(Supplementary Fig. S1A). Patients that were homozygous for 

 KDM4A  SNP-A482 experienced an overall worse outcome, with 

borderline statistical signifi cance ( P  = 0.055), and had signifi -

cantly worse outcomes for certain late-stage patient parameters 

( P  < 0.05,  Fig. 1E  and Supplementary Fig. S1B–S1F). 

 Figure 1.       KDM4A  SNP-A482 (rs586339) correlates with worse outcome in patients with NSCLC. A, schematic of the human KDM4A protein is 
shown with both the protein domains and the position of the coding SNP rs586339 (E482A). Jumonji (JmjN and JmjC), PHD, and Tudor (T) domains are 
represented. B, E482 is the conserved allele. The alignment of sequence surrounding E482A is shown for multiple species. C, HapMap frequencies for 
rs586339 are presented (August 2010 HapMap public release #28; ref.  13 ). ASW, African Ancestry in SW USA ( n  = 57); CEU, U.S. Utah residents with 
ancestry from northern and western Europe ( n  = 113); CHB, Han Chinese in Beijing, China ( n  = 135); CHD, Chinese in Metropolitan Denver, CO ( n  = 109); 
GIH, Gujarati Indians in Houston, TX ( n  = 99); JPT, Japanese in Tokyo, Japan ( n  = 113); LWK, Luhya in Webuye, Kenya ( n  = 110); MKK, Maasai in Kinyawa, 
Kenya ( n  = 155); MXL, Mexican Ancestry in Los Angeles, CA ( n  = 58); TSI, Toscani in Italia ( n  = 102); YRI, Yoruba in Ibadan, Nigeria ( n  = 147). D, representa-
tive  KDM4A  sequencing plots from three different lung cancer cell lines—homozygote wild-type (WT, G A A:G A A), heterozygote (HET, G A A:G C A), and 
homozygote SNP (A-482, G C A:G C A). E,  KDM4A  SNP-A482 stratifi cation for patients with late-stage NSCLC. 95% CI, 95% confi dence interval;  P , the  
P  value;  n , the number of patients in each category; AA, the genotype for homozygote WT (E482); AC, the genotype for heterozygote; CC, the genotype 
for homozygote SNP (A482). Gray boxes, parameters with signifi cance, including the data in Supplementary Fig. S1 (panels B–F). Frequency comparisons 
were tested using the χ 2  test, and HRs were calculated using a Cox model. Also see Supplementary Fig. S1.   
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 Figure 2.      SNP-A482 promotes KDM4A ubiquitination and turnover. A, KDM4A WT and SNP-A482 comparably demethylate H3K36me3 and H3K9me3. 3xHA-
KDM4A WT and 3xHA-KDM4A SNP-A482 were transfected into RPE cells, fi xed, and stained with the indicated antibodies. This graph represents the average 
of two experiments. At least fi fty cells were scored per experiment. B, KDM4A SNP-A482 exhibits a 2-fold greater ubiquitination than KDM4A WT. GFP-KDM4A 
WT and GFP-KDM4A SNP-A482 were transfected into HEK 293T cells before immunoprecipitation (IP) with a GFP antibody under denaturing conditions and 
immunoblotted with the indicated antibodies. Quantifi cation was performed with ImageJ. The graph represents an average of fi ve independent experiments 
that show the ratio of ubiquitin signal to the amount of immunoprecipitated protein.  P  = 0.01. C, GFP-A482 coimmunoprecipitates more MYC-Cullin1 than 
GFP-WT KDM4A. GFP-WT and GFP-A482 were transfected into HEK 293T cells before being immunoprecipitated with a GFP antibody and immunoblotted with 
the indicated antibodies. D, GFP-A482 has a shorter half-life than GFP-WT KDM4A. HEK 293T cells overexpressing GFP-WT or GFP-A482 were treated with 
cycloheximide and Western blotted. The  y  axis represents the ratio of GFP-tagged KDM4A relative to time 0, which was normalized to β-actin. The average of 16 
independent experiments is shown. All error bars represent the SEM.  P  values were determined by a two-tailed Student  t  test; *,  P  < 0.05.   
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 To further evaluate the predictive ability of SNP-A482 as 

a biomarker of survival and outcome, we performed time-

dependent ROC curve analyses on fi ve subgroups of patients 

with NSCLC (age < 64, adenocarcinoma, stage 3, with radia-

tion therapy, and with surgery). In each subgroup, we com-

pared the area under the curve of the model with SNP-A482 

and clinical information (age, sex, smoking status) to the 

model with clinical information only. In  general, the predic-

tive model with SNP-A482 had a slightly better performance, 

with the caveat being the low heritability results in the predic-

tive model being more limited (Supplementary Fig. S1G; ref. 

 16 ). Therefore, these data do not necessarily support the SNP-

A482 serving as a biomarker alone; however, future studies 

containing larger sample sizes will help with the assessment 

of such a predictive model. These data do however highlight a 

disease association for SNP-A482 and support a rationale for 

exploring the impact SNP-A482 has on KDM4A.   

 SNP-A482 Results in Increased Ubiquitination 
and Turnover of KDM4A 

 We wanted to determine if there was a biochemical differ-

ence between KDM4A WT and KDM4A SNP-A482. Because 

KDM4A is a histone demethylase ( 7 ), we determined whether 

KDM4A SNP-A482 had altered catalytic activity when com-

pared with WT KDM4A  in vivo . RPE cells transfected with either 

 hemagglutinin (HA)-tagged WT or SNP-A482 KDM4A had 

similar H3K9me3 and H3K36me3 catalytic activities ( Fig. 2A ). 

However, SNP-A482 had an increase in higher molecular weight 

products when evaluated by Western blot (data not shown), 

which was demonstrated to be ubiquitination by immunoblot-

ting for ubiquitin after denaturing GFP immunoprecipitation 

( Fig.  2B ). Multiple replicate experiments indicated that there 

was a 2-fold increase in KDM4A SNP-A482 ubiquitination 

when the immunoprecipitation was normalized and compared 

with WT KDM4A ( Fig. 2B , bottom;  P  = 0.01).  

 We and others have previously demonstrated that KDM4A 

is ubiquitinated by the SCF complex containing the E3 ligase 

Cullin1 ( 8, 9 ). Consistent with increased ubiquitination of 

KDM4A SNP-A482, KDM4A SNP-A482 coimmunoprecipi-

tated more MYC-Cullin1, which refl ects an increased asso-

ciation with the SCF complex ( Fig. 2C ). In addition, KDM4A 

SNP-A482 exhibited a shorter half-life when compared with 

KDM4A WT (1 hour, 38 minutes vs. 2 hours, 58 minutes, 

respectively;  Fig. 2D ). Taken together, these data demonstrate 
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that SNP-A482 results in altered KDM4A ubiquitination and 

contributes to changes in KDM4A protein stability.   

 KDM4A SNP-A482 Alters Chemotherapeutic 
Sensitivity in Lung Cancer Cell Lines 

 To determine whether there are differential roles between 

KDM4A WT and SNP-A482, we fi rst assessed the impact of 

SNP-A482 on KDM4A-dependent phenotypes. Similar to 

WT KDM4A, SNP-A482 overexpression resulted in faster 

progression through S phase and promoted site-specifi c copy 

gains (data not shown). In a further attempt to resolve dif-

ferences between the WT and SNP-A482–containing cells, we 

conducted an unbiased association study between 86 geno-

typed lung cancer cell lines (Supplementary Fig.  S2A) and 

their corresponding drug sensitivities. These cell lines were 

treated with 87 preclinical and clinical compounds at three 

different drug concentrations (Supplementary Table S1). We 

compared the cell lines homozygous for the minor allele with 

the cell lines heterozygous and homozygous for the major 

allele. The results of the analysis are summarized as a volcano 

plot representing the statistical signifi cance (inverted  Y  axis) 

versus the effect of  KDM4A  SNP-A482 on drug sensitivity 

( Fig.  3A ).  KDM4A  SNP-A482 was signifi cantly associated 

with altered drug response to 20 compounds: 17 compounds 

(green) were associated with increased drug sensitivity and 

three compounds (orange) were associated with increased 

drug resistance ( Fig. 3A and B ). These compounds were then 

classifi ed based on reported literature and known targets 

( Fig.  3B ). The most striking enrichment was observed for 

mTOR inhibitors. Lung cancer cells homozygous for  KDM4A  

SNP-A482 had increased sensitivity to fi ve different mTOR/

PI3K inhibitors ( P  = 0.002;  Fig.  3A and B ). Supplementary 

Fig.  S2A shows that the different mTOR inhibitors have a 

consistent effect across each cell line used in our screen. This 

consistency is illustrated by looking at the relative sensitiv-

ity to each inhibitor obtained by median centering of the 

viability ratio values. Importantly, 10 of the 17 compounds 

that were associated with increased sensitivity in SNP-A482 

homozygous cell lines are involved in targeting pathways 

related to mTOR/PI3K signaling (Supplementary Fig. S2B).  

 To further establish the specifi city of the relationship 

between  KDM4A  SNP-A482 and mTOR inhibition, we exam-

ined the relationship between drug sensitivity and other 

SNPs within  KDM4A  (Supplementary Fig.  S2C and S2D). 

We genotyped the lung cancer cell lines used in the initial 

screen for two additional  KDM4A  SNPs. We chose to study 

the noncoding SNP rs517191, which lacks signifi cant asso-

ciation with overall outcome of patients with NSCLC, and 

the noncoding SNP rs6429632, for which the signifi cant 

outcome associations in homozygous late-stage patients were 

not identical to that of  KDM4A  SNP-A482 [rs586339; Supple-

mentary Fig. S2D]. Interestingly, only cell lines homozygous 

 Figure 3.      KDM4A SNP-A482 affects cellular sensitivity to specifi c drugs. A, volcano plot representing statistical signifi cance (inverted  Y  axis) versus 
the effect of KDM4A SNP-A482 on drug sensitivity. Compounds above the  X  axis are statistically signifi cant ( P  < 0.05). Eighty-six cell lines and eighty-
seven compounds were used; the statistical signifi cance of the enrichment for mTOR inhibitors in the group of drugs linked to the SNP status is indicated 
( P  = 0.002). B, a list of compounds with statistically different sensitivity in A, their associated targets, and corresponding  P  values are shown.  P  values 
were calculated with the Fisher exact test. Also see Supplementary Fig. S2 and Supplementary Table S1.   
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for  KDM4A  SNP-A482 and not rs517191 or rs6429632 exhib-

ited increased sensitivity to the majority of mTOR inhibitors 

compared with the cells heterozygous and homozygous for 

the major alleles (Supplementary Fig. S2E). These data sug-

gest that the mTOR pathway directly or indirectly associates 

with SNP-A482.   

 mTOR Inhibition Reduces KDM4A Protein Levels 
 Because of the enrichment for mTOR inhibitor sensitiv-

ity in relation to SNP-A482, we further evaluated the bio-

chemical relationship between KDM4A SNP-A482 and this 

class of compounds. Based on the observation that KDM4A 

SNP-A482 increases KDM4A ubiquitination and turnover 

( Fig.  2 ), we determined the impact that mTOR inhibition 

had on endogenous KDM4A levels in a heterozygous cell 

line ( Fig. 4A–C ). Consistent with mTOR inhibition affecting 

mRNA translation ( 17, 18 ), endogenous KDM4A protein 

levels were reduced during rapamycin treatment ( Fig. 4A and 

B ), whereas RNA levels were unchanged ( Fig.  4C ). Because 

KDM4A SNP-A482 has a faster half-life compared with 

KDM4A WT ( Fig. 2D ), we hypothesized that SNP-A482 pro-

tein levels would be lower than KDM4A WT protein levels 

in the presence of mTOR inhibitors. To test this hypothesis, 

we treated two cell lines of each of the  KDM4A  homozygous 

genotypes [i.e., homozygote SNP-A482 ( Fig.  4D ) or WT 

( Fig. 4E )] with rapamycin and analyzed endogenous KDM4A 

levels over time ( Fig. 4D and E  and Supplementary Fig. S3A). 

Indeed, H290 and RERF-LC-KJ cells, which are homozygous 

for  KDM4A  SNP-A482, exhibited reduced endogenous 

KDM4A protein levels upon mTOR inhibition ( Fig.  4D ), 

whereas LU99B and H2591 cells, which are homozygous 

for  KDM4A  WT, did not exhibit this phenotype ( Fig. 4E  and 

Supplementary Fig.  S3A, compare blue line with red line, 

 P  = 0.034, signifi cance for overall difference). To rule out the 

contribution of different genetic backgrounds in these cancer 

cell lines, we performed the same experiments within a single 

cell line that transiently overexpressed GFP-KDM4A WT or 

GFP-KDM4A SNP-A482. We observed the same phenotype 

in these cells (Supplementary Fig.  S3B, compare blue line 

with red line, respectively;  P  = 0.003, signifi cance for overall 

difference). Taken together, these data suggest that mTOR 

inhibition leads to a more pronounced decrease in SNP-A482 

protein levels than WT KDM4A.    

 Reduced KDM4A Protein Levels Enhance Cell 
Sensitivity to mTOR Inhibitors 

 We hypothesized that the increased mTOR inhibitor sen-

sitivity observed for KDM4A SNP-A482 cell lines was due 

at least in part to the stronger reduction in KDM4A levels 

upon mTOR inhibitor treatment. To test this hypothesis, 

KDM4A was depleted from cells using shRNAs, and cell pro-

liferation was monitored during rapamycin treatment. Indeed, 

shRNAs directed against KDM4A further extended the already 

increased doubling time observed after rapamycin treatment 

( Fig. 4F  and Supplementary Fig. S3C). To confi rm this result, 

cells were depleted of KDM4A before treatment with the ATP-

competitive mTOR inhibitor AZD8055 for 48 hours before cell 

proliferation, and viability was assessed using 3-[4,5-dimethyl-

thiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)  assays. 

Independent experiments demonstrated an increased sensitiv-

ity to mTOR inhibition upon KDM4A knockdown ( Fig.  4G  

and Supplementary Fig.  S3D; data not shown). Consistent 

with these observations, we most recently demonstrated that 

KDM4A interacts with translation initiation factors and mod-

ulates protein synthesis, which was enhanced with mTOR inhi-

bition ( 19 ). Taken together, these data suggest that SNP-A482 

status and KDM4A levels play an important role in sensitizing 

cells to mTOR inhibitors ( Fig. 4H ).    

 DISCUSSION 
 Personalized therapy is becoming more common in cancer 

treatment ( 20 ). For example, SNP status can be used to assess 

risk of disease or predict outcome and/or response to treat-

ment and may also have a place in the subclassifi cation of 

patients for optimal treatment delivery ( 2, 3 ). The ultimate 

goal of this approach is to utilize the genetic/biochemical 

properties of a target in certain cancer types and/or individu-

als to provide more effective treatment strategies. To achieve 

this goal, genetic and biochemical properties need to be 

established for genetic alterations linked to diseases. 

 To the best of our knowledge, this is the fi rst report that 

identifi es a coding SNP within a chromatin modifi er with links 

to NSCLC outcome and drug response. These data are par-

ticularly important given that 85% of lung cancers are NSCLC, 

with 70% presenting as advanced disease, i.e., locally advanced 

IIIB or metastatic disease IV, and are not considered curable. 

The 5-year survival rates for these advanced NSCLC stages are 

7% and 2%, respectively. Moreover, mTOR and PI3K inhibitors 

are being used to treat NSCLC ( 20, 21 ). Testing for multiple 

biomarkers to apply more targeted therapies is already consid-

ered to be the standard of care for lung cancer ( 20 ). Therefore, 

our study provides another possible option to stratify and pos-

sibly treat subgroups of patients with NSCLC. 

 We report that  KDM4A  SNP-A482 is linked to worse out-

come in patients with NSCLC; however, the analyses suggest 

that this single variable is not a suffi cient biomarker. Future 

studies with larger datasets are required to better clarify this 

possibility. The association with worse outcome in our data 

could reveal the fact that KDM4A levels or altered functions 

result in a benefi t to certain tumors. For example, tumors with 

lower KDM4A protein levels have been shown to predict signifi -

cantly worse overall survival ( 12 ). Interestingly, 20% of tumors 

assessed from The  Cancer Genome Atlas present a copy loss of 

 KDM4A , which correlated with a decrease in  KDM4A  RNA levels 

( 10 ). Furthermore, reduced KDM4A protein levels are observed 

with cancer progression and metastasis ( 12 ). Therefore, tumors 

with SNP-A482 could possess an ability to more effectively 

reduce KDM4A levels. Another possibility is that because SNP-

A482 is germline transmitted, the cells throughout the body 

could be the basis for the associated worse outcome. For exam-

ple, patients could have impaired immune responses, increased 

toxicity to therapies, or altered tissue repair. For these reasons, 

analyses of additional datasets as well as prospective genetic 

studies evaluating the response of tumors and the individual 

to treatment as well as noted toxicities will be necessary to fully 

understand the impact of the SNP on patient outcome. 

 Because SNP-A482 and KDM4A depletion increased 

mTOR inhibitor sensitivity, we suspect that other cancer 

subtypes will also be good candidates for this genetic or 
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 Figure 4.      KDM4A levels affect cellular sensitivity to mTOR inhibitors. A, KDM4A protein levels decrease upon rapamycin treatment. HEK 293T cells 
were treated with 100 ng/mL of rapamycin for 24 hours. B, graphical representation of an average of three independent experiments from A. C,  KDM4A  
RNA levels are stable upon rapamycin treatment. HEK 293T cells were treated with 100 ng/mL of rapamycin for 24 hours before RNA was harvested. 
An average of three independent quantitative RT-PCR experiments is represented. D–E, endogenous KDM4A SNP-A482 protein levels decrease more 
upon rapamycin treatment than WT KDM4A. Lung cell lines homozygous for  KDM4A  SNP-A482 (D; H290 and RERF-LC-KJ) or WT (E; LU99B and H2591) 
were treated with 100 ng/mL of rapamycin for 24 hours. Independent replicates (r1 and r2) are shown per time point. Quantifi cation was performed 
with ImageJ. The numbers under the blots represent the ratio of the amount of KDM4A to the amount of Actinin, normalized to vehicle. F, HEK 293T cells 
transfected with three different shRNAs directed against KDM4A have increased sensitivity to rapamycin when compared with control vector–transfected 
cells. HEK 293T cells were seeded 24 hours after transfection and treated with 100 ng/mL of rapamycin 24 hours after seeding. The graphs represent 
the doubling time between 5 and 35 hours after rapamycin treatment. An average of three independent experiments is represented. G, HEK 293T cells 
transfected with shRNA 4A.6 are more sensitive to AZD8055 than cells transfected with the control vector. Cells were seeded 24 hours after the second 
shRNA transfection and were then treated with the indicated drugs and associated concentrations 24 hours later. Forty-eight hours after treatment, 
samples were analyzed by an MTT assay. The assays were normalized to a sample collected and assayed at the treatment time. The  Y  axis represents the 
viability ratio relative to DMSO. The average of three independent experiments is represented. H, model, KDM4A depletion of SNP-A482 enhanced the 
sensitivity to mTOR inhibitors. All error bars represent the SEM.  P  values were determined by a two-tailed Student  t  test; *,  P  < 0.05. Also see Supple-
mentary Fig. S3.   
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chemical-based targeting in the future ( Fig.  4H ). For exam-

ple, the mTOR inhibitor temsirolimus (CCI-779) is used for 

advanced refractory renal cell carcinoma (RCC; ref.  22 ). A 

phase II clinical trial presented an objective response rate for 

only 7% of patients with RCC ( 22 ). Interestingly, this propor-

tion is similar to that observed for individuals homozygous 

for the rs586339 minor allele (KDM4A SNP-A482;  Fig.  1C  

and Supplementary Fig.  S1A). It would be interesting to 

determine whether response correlates with  KDM4A  SNP-

A482 status in RCC. 

 In conclusion, we have now uncovered a genetic feature in 

 KDM4A  (SNP-A482) that could allow patient stratifi cation 

and more effective treatment options for these individuals. 

Because the  KDM4A  allele is lost in certain tumors ( 10 ), these 

tumors could also be ideal candidates for mTOR-related 

chemotherapies. Overall, the current study highlights the fact 

that biochemical and cellular analyses of somatic and poly-

morphic variants within chromatin-modifying enzymes can 

identify associated signaling pathways and establish optimal 

chemotherapeutic targets in the future.   

 METHODS   
 Cell Culture and Drug Treatments 

 For tissue culture and generation of stable cell lines, see ref.  10 . 

HEK 293T and RPE cells have been obtained from the ATCC, and no 

authentication has been done by the authors. All lung cell lines were 

sourced from commercial vendors. To exclude cross-contaminated 

or synonymous lines, a panel of 92 SNPs was profi led for each 

cell line (Sequenom), and a pairwise comparison score was calcu-

lated. In addition, we performed short tandem repeat (STR) analysis 

(AmpFlSTR Identifi ler; Applied Biosystems) and matched this to 

an existing STR profi le generated by the providing repository. After 

initial expansion and STR analysis, each stock vial of cells was not 

propagated for more than 2 months. Rapamycin (LC Laboratories) 

and AZD8055 (Selleckchem) were used at indicated concentrations. 

Cycloheximide and MG132 were used as described in ref.  8 .   

 Plasmids, shRNAs, and Transfections 
 Plasmid transfections were performed using X-tremeGENE 9 DNA 

transfection reagent (Roche) on 6 × 10 5  HEK 293T cells plated in 

10-cm dishes 20 hours before transfection. The complexes were incu-

bated with the cells in OptiMEM for 4 hours before being replaced 

by fresh media. Cells were harvested 48 to 72 hours after transfection. 

The transfected plasmids were as follows: pCS2-3xHA-KDM4A, pCS2-

3xHA-KDM4A-E482A, pMSCV-GFP ( 10 ), pMSCV-GFP-KDM4A ( 10 ), 

pMSCV-GFP-KDM4A-E482A, pcDNA3-3xMYC-Cullin1 ( 8 ), pSUPER 

( 10 ), pSUPER-4C (referred as 4A.2 throughout the fi gures; ref.  10 ), 

pLKO, pLKO-A06 (referred as 4A.6 throughout the fi gures), and 

pLKO-A10 (referred as 4A.10 throughout the fi gures). For the MTT 

assays, shRNAs were transfected twice 48 hours apart.   

 Western Blot Analysis 
 Western blot analyses were performed according to ref.  8 .   

 Antibodies 
 The following antibodies were used: Actinin (Santa Cruz; sc-17829), 

Ubiquitin, KDM4A, Cullin 1, and β-actin, as described previously ( 8 ).    

 HapMap Frequencies 
 The HapMap frequencies are from the HapMap Public Release 

#28 ( 13 ).   

 Coimmunoprecipitation 
 The coimmunoprecipitation experiments were performed as 

described in ref.  8 .   

 Catalytic Activity of KDM4A WT and SNP-A482 

 All immunofl uorescence experiments were performed as in 

ref.  10 . Fifty cells were scored per replicate.   

 Patient Outcome 
 For complete methods, see ref.  15 .  P  values have been calculated 

based on a recessive model with unadjusted covariates. The time-

dependent ROC curve analyses have been done as described in ref. 

 16 . The patient studies were conducted in accordance with the 

Declaration of Helsinki. The Institutional Review Board of the Mas-

sachusetts General Hospital approved the studies, and all patients 

provided informed consent.   

 Drug Screen 
 A panel of 86 cell lines was used in a high-throughput viability 

screen as described previously ( 23 ). The cell lines were randomly 

selected from a collection of 160 lung cancer cell lines available at 

Massachusetts General Hospital (MGH), and based on the mutational 

data available, they appear to be representative of NSCLC lines in 

general and capture major mutational events described for this cancer 

at the expected frequency. All mutational data available are provided 

in Supplementary Table S2. Additional details are available in ref.  24 . 

The compounds were targeted agents mostly at late stage of clinical or 

preclinical development, selected based on therapeutic relevance of the 

drugs themselves or of the targets for compounds not clinically tested. 

They cover a broad range of targets not restricted to the PI3K pathway, 

including CDK, Aurora, proteasome, EGFR, SRC, IGF1R, and MEK. 

The compounds cover over 50 different nominal targets with some 

redundancy toward the most clinically relevant targets. The full list of 

drugs and their primary target is provided as Supplementary Table S3. 

 Cells were seeded in 96-well plates at approximately 15% confl u-

ency in medium with 5% FBS and penicillin/streptavidin. The opti-

mal cell number for each cell line was determined to ensure that each 

was in growth phase at the end of the assay. After overnight incuba-

tion, cells were treated with three concentrations of each compound 

in triplicate (10-fold dilution series) using liquid handling robotics, 

and then returned to the incubator for assay at a 72-hour time point. 

Cells were fi xed in 4% formaldehyde for 30 minutes and then stained 

with 1 μmol/L of the fl uorescent nucleic acid stain Syto60 (Invit-

rogen) for 1 hour. Quantitation of fl uorescent signal intensity was 

performed using a fl uorescent plate reader at excitation and emis-

sion wavelengths of 630/695 nm. The mean of triplicate values for 

each drug concentration was compared with untreated wells, and a 

viability ratio was calculated. 

 The statistical association between drug sensitivity and  KDM4A  

SNP-A482 status was tested using a series of Fisher exact tests 

designed to capture the differential drug effect across the full range 

of viability observed: For these tests, the cell lines were designated as 

 KDM4A  SNP-A482 positive if they were homozygous for the minor 

alleles and compared with heterozygous and homozygous major 

alleles cell lines grouped together. For each drug and concentration 

used, the cell lines were rank ordered from most to least sensitive 

and a contingency table was built by designating the top 5% sensitive 

cell lines as “sensitive” and the rest as “resistant.” The result of the 

Fisher exact test for this threshold of sensitivity was recorded, and 

the procedure was repeated using as a sensitivity threshold the 10th 

percentile to the 75th percentile by fi ve percentiles increment. The 

minimum  P  value for a given drug across the three concentrations 

tested is reported. The drug effect is the difference between the mean 

viability of  KDM4A  SNP-A482 homozygous cell lines and the mean 
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viability of the other cell lines tested at the concentration matching 

the reported Fisher exact test  P  value. The statistical signifi cance of 

the enrichment for mTOR inhibitors in the group of drugs associ-

ated with the presence of the minor allele  KDM4A  SNP-A482 was 

tested using a Fisher exact test with fi ve mTOR inhibitors and 15 

other drugs statistically linked to  KDM4A  SNP-A482 status versus 

one mTOR inhibitor and 66 other drugs not statistically linked to 

 KDM4A  SNP-A482 status.   

 Monitored Cell Proliferation Assay 
 Twenty-four hours after transfection, 1 × 10 4  HEK 293T cells were 

seeded per well of a 96-well plate, and then treated after 24 hours. Cell 

proliferation was monitored with an xCELLigence system (Roche; 

ref.  25 ).   

 MTT Assays 
 MTT assays were performed following supplier’s instructions from 

the Cell Proliferation Kit I (MTT) from Roche. For shRNA experi-

ments, after two subsequent shRNA transfections, cells were seeded in 

96-well plates before being treated 24 hours later. Briefl y, 1 × 10 4  cells 

were seeded per well of a 96-well plate and grown for 24 hours before 

treatment. Forty-eight hours later, cells were assayed. We determined 

sensitivity by subtracting the background from the absorbance.   

 Statistical Analysis 
 All  error bars represent SEM. Half-lives were calculated using a 

polynomial trend line ( 8 ).  P  values were determined by a two-tailed 

Student  t  test or a two-way ANOVA when noted; * represents  P  < 0.05. 

For the analyses of patients with NSCLC, frequency comparisons 

were tested using the χ 2  test. HRs and the signifi cances of the associa-

tion were calculated using a Cox model. The Kaplan–Meier method 

was used to estimate the survival curves. For the drug screen,  P  values 

were calculated with the Fisher exact test.    
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