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Introduction
Cancer is the second-leading cause of death globally and while 
treatments have improved and 5-year survival has increased for 
most cancers, there is still much that is unknown regarding the 
molecular mechanisms of tumor progression in patients.1 
Extensive studies have been performed in vitro and in vivo to 
answer these questions. However, there are limitations of in 
vitro work involving cancer cell lines, including the lack of 
interactions with other cell types which can affect drug delivery 
and metabolism.2 Moreover, the likelihood of a phase I clinical 
trial leading to approval of a drug is, unfortunately, just 5.1%.3 
Therefore, it is imperative that we ensure that our in vitro and 
in vivo findings are translatable. Fortunately, with the develop-
ment of The Cancer Genome Atlas and Genomic Data 
Commons (GDC), it is becoming much easier to validate in 
vitro and in vivo findings in patient samples.

It is well documented that cancer cells display abnormal 
methylation patterns.4,5 Specifically, cancer cells tend to show 
an overall global hypomethylation leading to increased gene 
expression compared to normal cells. However, we also see 
examples of specific tumor suppressor genes which have been 
hypermethylated leading to a corresponding loss of gene 
expression. While most studies have focused on methylation of 
CpG dinucleotides within a larger CpG island near the pro-
moter region, more recent studies have shown that methylation 
patterns at CpG shores, found approximately 2 kb from an 

island, are more strongly associated with gene expression than 
CpG island methylation.6 Therefore, it is imperative that any 
methylation study that occurs in patient samples include an 
analysis of not just overall methylation, but also site-specific 
methylation in order to form a better understanding of meth-
ylation patterns in patients.

Three specific genes that have been shown to have altered 
methylation patterns in cancer cells are Epithelial(E)-cadherin 
(CDH1), nuclear factor of activated T cells 3 (NFATC3), and pro-
teolipid protein 2 (PLP2). E-cadherin is known for its role in 
maintaining cell-cell adhesions in normal epithelial cells. 
However, the literature is clear that hypermethylation of 
CDH1, and corresponding loss of RNA/protein expression, 
promotes an epithelial-to-mesenchymal transition leading to 
tumor progression in epithelial cancers.7–11 While the primary 
role of NFATC3 is to function as a transcription factor respon-
sible for promoting T-cell development and proliferation, as 
well as COX-2 dependent migration and angiogenesis within 
the immune system, studies have shown altered methylation 
patterns across a variety of cancers.12–16 Most studies have 
shown hypomethylation, and increased expression of NFATC3, 
corresponded with tumor progression using in vitro and animal 
models.12–15 However, one study utilizing ovarian cancer 
patient sample data from the GDC showed hypermethylation 
and decreased expression of NFATC3 correlated with decreased 
survival.16 Therefore, while it was assumed that NFATC3 is 
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hypomethylated in cancer, which would correspond with its 
known functional role, conflicting studies indicate a need for a 
more in-depth analysis in patient samples across cancer types. 
Finally, while not as well studied as CDH1 and NFATC3, PLP2 
has an important role in tumor progression due to its ability to 
promote activation of the PI3K/Akt pathway. Because of this 
association, hypomethylation and increased expression of PLP2 
in cancer cells has been shown to promote cell proliferation, 
adhesion, and invasion.17–21 Taken together, these 3 genes rep-
resent examples of genes which are typically hypermethylated 
(CDH1) or hypomethylated (PLP2) in cancer cells, as well as 
an example of a gene with conflicting data (NFATC3). 
However, virtually all of these methylation studies have been 
performed in vitro or in animal models with very little patient 
data to verify the results. Therefore, it is imperative that we 
complete a more thorough analysis in patients to determine if 
these methylation patterns are maintained in patient samples. 
Furthermore, once we understand the methylation changes 
that are occurring in patients, we can better identify the role of 
faulty DNA methylating machinery in cancer in order to 
develop novel treatments.

DNA methyltransferases (DNMTs) are responsible for 
maintaining normal methylation patterns in cells.22–24 
Specifically, DNMT1 is responsible for maintaining methyla-
tion patterns in adult cells while DNMT3A and DNMT3B are 
de novo methylases responsible for adding new methyl groups to 
CpG dinucleotides during early development. Aberrant ver-
sions of DNMT3B have been identified in both cancer cell 
lines and patient tumors, but not normal cells, and their func-
tional role continues to be determined.25–30 One of these aber-
rant transcripts, DNMT3B7, has been shown to be expressed in 
multiple cancer types.25,30 Several studies have shown that 
expression of DNMT3B7 promotes lymphomagenesis, breast 
cancer, and neuroblastoma progression through altered meth-
ylation patterns in these tumors both in vitro and in vivo using 
animal models.27–29 Specifically, our laboratory and others have 
shown that DNMT3B7 expression in cell lines led to increased 
methylation, and down-regulation of protein expression, of 
E-cadherin and decreased methylation of NFATC3 and 
PLP2.25,30 While these findings are very intriguing, to date they 
have only been performed in vitro and there are no patient stud-
ies verifying the results. Therefore, it is imperative that we 
determine a clinical role for DNMT3B7 and other aberrant 
DNMTs with regard to altered methylation patterns.

Taken together, it is clear that there is much that we still do 
not know about methylation patterns of genes and the role of 
aberrant DNMTs in patient samples. To that end, we have uti-
lized a bioinformatics approach with patient data from the 
GDC to examine methylation patterns of CDH1, NFATC3, 
and PLP2. We analyzed over 5000 patient samples across 14 
cancer types for which normal and tumor samples were avail-
able in order to examine changes in overall methylation as well 
as methylation at CpG islands and shores. This analysis was 

completed in both matched and unmatched normal and tumor 
samples. We also assessed whether there was any correlation 
between aberrant DNMT3B7 expression and methylation of 
these 3 genes. To our knowledge, this is the first analysis of this 
magnitude to occur and the results of this work provide impor-
tant information regarding the future direction of methylation 
studies in patients.

Materials and Methods
Collection of data from Genomic Data Commons

RNAseqV2 and clinical data were obtained from the GDC 
Legacy data portal (https://portal.gdc.cancer.gov/legacy-
archive/search/f ) as previously described.28,30,31 Methylation 
data were collected from the GDC Data Portal (https://portal.
gdc.cancer.gov/repository) and matched with corresponding 
DNMT3B7 RNASeqV2 expression and clinical data using the 
unique “Case-UUID” number for each patient. All data were 
organized and processed using a custom C# script and 
Microsoft Excel (Redmond, Washington).

Statistical analysis

All statistical analysis was performed using SigmaStat software 
(Systat, Chicago, IL). Methylation values were obtained by 
either averaging all methylation sites for 1 gene together or 
separating by type of methylation site (Island, N_Shore, S_
Shore) and then averaging all measures within a specific group. 
Primary tumor versus normal tissue methylation was compared 
using a T-test. A Mann-Whitney Rank Sum Test was used in 
situations where a normal distribution was not observed based 
on a Shapiro-Wilk Normality Test. Matched tissues were com-
pared with a Paired T-Test or Signed Rank Test in the absence 
of a normal distribution. A Bonferroni correction was utilized 
for each cancer data set (0.05/24 = 0.00208) to avoid type I 
errors due to multiple comparisons. Correlation studies were 
performed using a Pearson Correlation Coefficient for nor-
mally distributed data or a Spearman Rank Order Correlation 
for data that did not have a normal distribution pattern. A 
Bonferroni correction was also utilized for each cancer data set 
(0.05/12 = 0.00417) to avoid type I errors.

Results
E-cadherin methylation patterns are varied across 
cancers

To begin our large-scale analysis of CDH1 methylation, we uti-
lized data from 14 cancer types and 5782 patient samples for 
which normal and tumor tissues were available on GDC. We 
compared methylation in all tumor samples to all normal tis-
sues available as well as matched samples where we had normal 
and tumor tissue from the same patient. It was expected that 
we would observe increased methylation of CDH1 in tumor 
tissues compared to normal samples based on the results of 

https://portal.gdc.cancer.gov/legacy-archive/search/f
https://portal.gdc.cancer.gov/legacy-archive/search/f
https://portal.gdc.cancer.gov/repository
https://portal.gdc.cancer.gov/repository
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previous studies.7–11 Of the 14 cancers tested, when we aver-
aged all methylation sites across the entire gene for each patient, 
significant changes in CDH1 methylation were only observed 
in 5 of them (BLCA, COAD, HNSC, LIHC, READ;  
Table 1). Interestingly, in 3 out of the 5 significant cancers, we 
observed the opposite methylation pattern from what was 
expected—hypomethylation of CDH1 in tumor tissues. In 
cancers where matched normal and tumor tissues were availa-
ble, we did not observe any significant difference in expression 
in the direction expected. All other cancers with matched sam-
ples either had no difference in methylation or hypomethyla-
tion of CDH1 in tumor tissues compared to normal controls.

Because an average methylation value for a patient’s specific 
gene does not provide site-specific information on methyla-
tion, and previous studies have shown that CpG shores are 
more likely to correspond to gene expression than any other 
methylation region,6 we undertook a more detailed analysis of 
methylation across all patient samples. Specifically, we calcu-
lated an average methylation value for every patient at the CpG 
island, N_Shore (the CpG shore located 5′ to the island), and 
S_Shore (the CpG shore located 3′ to the island; Table 2). 
Once again, only 5 cancers (BLCA, COAD, KIRC, KIRP, 
LIHC) out of 14 showed an altered methylation pattern in at 
least 1 methylation site, but they were not the same 5 cancers 
in which we observed significant results above. Interestingly, 
we still observed the same unexpected hypomethylation pat-
tern seen in Table 1 in 3 cancers (BLCA, COAD, and LIHC) 
when we completed the in-depth analysis (Table 2). However, 
the cancers which showed the expected hypermethylation pat-
tern changed between the 2 analyses.

NFATC3 is hypermethylated in most tumor tissues

To continue our analysis of methylation patterns across cancer 
patient samples, we measured average methylation of NFATC3, 
a gene for which the literature showed conflicting reports about 
methylation patterns.12–16 Because the majority of the litera-
ture showed that NFATC3 was hypomethylated, and its known 
function implies that increased expression should correlate 
with tumor progression, we hypothesized that NFATC3 would 
be hypomethylated in tumor tissues. Surprisingly, our analysis 
of average overall methylation shows that NFATC3 is hyper-
methylated in 5 cancers (BRCA, COAD, KIRP, LUAD, 
READ) and hypomethylated in only 1 cancer (LIHC; Table 
1), indicating that NFATC3 is typically turned “off ” in patients 
despite its role in promoting angiogenesis and chemoresist-
ance. When we completed further analysis of methylation at 
the CpG island, N_Shore, and S_Shore, we found 3 additional 
cancers (HNSC, KIRC, LUSC; Table 3) that were also hyper-
methylated as well as some alterations in the methylation pat-
terns observed in Table 1. For example, while we observed a 
significant difference in COAD overall methylation in 
unmatched samples (Table 1), we did not observe that same 

change at any specific site in our more detailed analysis  
(Table 3). Interestingly, we did not observe hypomethylation at 
any site in any cancer when we completed our detailed analysis, 
even though LIHC had shown an overall hypomethylated pat-
tern (Table 1).

PLP2 is hypomethylated in all cancers tested

Because of the unexpected findings observed in our analysis of 
CDH1 and, especially, NFATC3, we examined an additional 
gene known to be hypomethylated in cancer—PLP2.17–21 As 
expected, overall PLP2 methylation levels were reduced in all 
tumor types tested compared to normal tissues (Table 1). 
Furthermore, upon completion of our in-depth analysis of site-
specific methylation, we observed the expected hypomethyla-
tion pattern across all cancers with significant results (Table 4).

DNMT3B7 expression is correlated to CDH1, 
NFATC3, or PLP2 methylation in some patient 
samples

Finally, to determine if DNMT3B7 expression correlated with 
methylation of CDH1, NFATC3, and PLP2, we matched both 
overall methylation data, as well as methylation at individual 
islands and shores, to corresponding DNMT3B7 expression. 
Pearson Correlation Coefficient or Spearman Rank Order 
Correlation analyses were conducted to determine if there was 
any correlation between DNMT3B7 expression and overall, or 
site-specific, gene methylation in tumor tissue samples across 
cancers (Tables 5–8). Overall, correlation results were incon-
sistent across all cancers, and cancers which showed significant 
methylation changes between normal and tumor samples did 
not necessarily correlate with DNMT3B7 expression. However, 
some interesting trends did arise. First of all, the only signifi-
cant findings for CDH1, whether looking at overall or site-
specific methylation, indicated a negative correlation which 
would imply that CDH1 methylation decreases as DNMT3B7 
expression increases. Conversely, when NFATC3 methylation 
correlated to DNMT3B7 expression, it was always in a positive 
relationship. Finally, PLP2, the only gene that had shown a 
consistent methylation pattern above, showed an extremely 
inconsistent correlation pattern across cancers. In some cases it 
was negatively correlated with DNMT3B7 (BRCA) and other 
times it was positively correlated in other cancers (BLCA, 
HNSC; Tables 5 and 8). In the case of site-specific methylation 
of PLP2 in LUAD, there is a negative correlation with 
DNMT3B7 at the CpG island and a positive correlation at the 
S_Shore (Table 8), indicating a need for future analysis.

Discussion
The results presented here clearly indicate that it is imperative 
that we utilize patient data as often as possible to verify results 
observed in in vitro and animal models. Fortunately, databases 
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like the GDC are making that work far easier to do than it was 
in the past. While the literature have been clear that CDH1 is 
hypermethylated and NFATC3 and PLP2 are hypomethylated 
in other cancer models, those results were not consistently seen 
when we examined patient data at this large scale. While scien-
tists are aware of the biological constraints that occur when using 
in vitro models, the unexpected results shown here indicate that 
some facts that we have held to be true may not be as universal 
as once expected. If we are going to successfully develop novel 
therapeutics to improve patient outcomes, we must understand 
what is happening in patients, rather than rely primarily on in 
vitro work, to direct our long-term drug development.

Perhaps the most surprising results we obtained were from 
the analysis of methylation status of CDH1 across cancers. The 
hypermethylation of CDH1 leading to decreased E-cadherin 
protein levels to promote epithelial-to-mesenchymal transition, 
tumor progression, and metastasis is well documented.7–11 
There are no conflicting results in the literature pertaining to 
methylation status of CDH1 in epithelial tumors, yet our results 
indicate that in half of the tumors for which we have significant 
data, CDH1 is hypomethylated, not hypermethylated (Tables 1 
and 2). This cannot be explained by differences in tumor type 
because these results were observed in epithelial, not mesenchy-
mal, tumors. One possible explanation is that our previous work 
has shown that a preponderance of patient samples available on 
GDC are from patients with early stage tumors rather than 
later stage tumors.30 Loss of E-cadherin and epithelial-to-mes-
enchymal transition is associated with a more aggressive, late-
stage, disease so it is possible that these altered results are due to 
an uneven balance of samples across stages rather than a new 
paradigm in E-cadherin research. Nevertheless, these data dem-
onstrate the importance of continuing to collect samples from 
cancer patients at all stages of their disease in order to obtain the 
best data sets for future studies.

In the case of NFATC3, while some studies indicated that it 
was hypomethylated with increased expression in cancer cells 
leading to proliferation, migration, angiogenesis, and chemore-
sistance, other studies show poor survival correlated with 
decreased expression and hypermethylation.12–16 It should be 
noted that many of the studies showing hypomethylation of 
NFATC3 were completed using in vitro models. However, 
orthotopic mouse models have also shown that silencing of 
NFATC3 led to tumor regression.15 Furthermore, another 
study indicated that increased expression of NFATC3 corre-
lated with chemoresistance in patients.12 Taken together, these 
studies would indicate that hypomethylation of NFATC3 leads 
to tumor progression. The only study, prior to this, that showed 
hypermethylation of NFATC3 corresponded to decreased sur-
vival also utilized data from GDC, matching the results we 
obtained here (Tables 1 and 3).16 Taken together, these find-
ings lead us to question which data are accurate. It is possible 
that, similar to the aforementioned unexpected E-cadherin 
results, the types of patient samples collected for the GDC are 
biasing our analysis in one direction. For example, if the GDC 

patient samples are primarily those in early stages of disease, we 
would not expect to see markers of chemoresistance and angio-
genesis, such as the hypomethylation of NFATC3, in these 
samples. While multiple laboratories have now shown similar 
results when utilizing the GDC data for analysis, these results 
are not necessarily matching the rest of the literature. Therefore, 
it is imperative that we ensure a well-represented sample is 
available in all studies before drawing any conclusions on the 
role of NFATC3 in promoting tumor progression.

PLP2 was the only gene analyzed in this study for which 
both the in vitro and patient sample data completely corre-
sponded (Tables 1 and 4).17–21 No matter the cancer type 
involved, PLP2 was clearly hypomethylated. Because of its 
known role in promoting tumor progression through activation 
of the PI3K/Akt pathway, PLP2 is an exciting target for future 
studies. While PLP2 is not nearly as well-known or well-stud-
ied as CDH1 or NFATC3, the results shown here that match 
previous in vitro work indicate its potential importance in 
future clinical studies.

Finally, while DNMT3B7 has been shown to be highly 
expressed in virtually all cancer types, and its expression pro-
motes aberrant methylation of various genes in vitro and in 
animal models, we observed only a few correlations between 
DNMT3B7 expression and the methylation status of CDH1, 
NFATC3, or PLP2 in patient tumor samples across cancers 
(Tables 5–8).25,27–30 Specifically, we observed a negative cor-
relation with CDH1 in 6 cancers (Tables 5 and 6), a positive 
correlation with NFATC3 in 4 cancers (Tables 5 and 7), and a 
mix of positive and negative correlations with PLP2 across 4 
cancers (Tables 5 and 8). In the case of CDH1, these results 
are contrary to what we have previously observed in vitro 
showing DNMT3B7 expression leading to hypermethylation 
of CDH1 in breast cancer cell lines, but would match with the 
findings above (Tables 1 and 2) showing a hypomethylation 
pattern in cancers known to have significantly increased 
DNMT3B7 levels.30 Furthermore, the fact that significant 
correlations were observed at every methylation site in LUSC 
indicates that future research should examine this relation-
ship more closely (Table 6). Some of the first studies identify-
ing aberrant DNMTs were performed in lung cancers,26 so it 
is perhaps not surprising to see significant correlations in this 
particular cancer type.

While the NFATC3 findings showing positive correlation 
data was unexpected, it matches the data seen in Tables 1 and 3. 
Unlike with CDH1 we did not observe any consistent correla-
tions across any one cancer type, but this may be because previ-
ous NFATC3 studies have focused on leukemias which were not 
part of this analysis. Similar to CDH1, if and when the data are 
available, this may be another area of future research. Finally, for 
PLP2, the inconsistent correlation findings are confounding, 
especially in the case of LUAD in which there was a negative 
correlation in the CpG island and a positive correlation in the 
S_Shore (Table 8). We do not have an explanation for these 
findings other than to say that it is clear that additional research 
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is needed to understand what is happening not only across can-
cers, but also in LUAD specifically.

While these correlation results were surprising, there are 
some confounding factors that may also be affecting our find-
ings. First, the data available on GDC only allow an analysis 
of DNMT3B7 gene expression, not protein expression. While 
it is known that gene expression does not always correlate 
with protein expression in cells,32 previous DNMT3B7 stud-
ies have shown that expression at the DNA/RNA level has 
corresponded to protein expression in cell lines and animal 
models.25,27–30 However, it should be noted that previous 
studies have also shown that DNMT1 is post-translationally 
regulated so that RNA expression does not match protein 
expression.33 While these results imply a similar process could 
occur in DNMT3B7, the site of post-translational regulation 
in the N-terminus of DNMT1 does not exist in either 
DNMT3A or DNMT3B. Indeed, the structure of the 
N-terminal region of DNMT1 is completely different from 
that of either DNMT3 gene. Therefore, we would not expect 
DNMT3B to undergo the same type of post-translational 
modification based on the known structure. Unfortunately, 
because DNMT3B7 is an aberrantly spliced gene and trun-
cated protein, its protein expression is not measured by the 
typical methods used to supply information to databases like 
GDC. Therefore, while we can determine that patients 
express DNMT3B7, we do not know how that correlates to 
protein levels in these patients. While the results from in vitro 
and animal models are promising, our analysis of methylation 
patterns indicates that in vitro studies do not always match 
with patient data. Therefore, we cannot draw any definitive 
conclusions about the lack of correlation at this time. 
Furthermore, Ostler and colleagues have shown that when 
DNMT3B7 is active in cells, it is localized in the nucleus 
even though it lacks its strongest nuclear localization 
sequence.25 It is unknown how DNMT3B7 is able to enter 
the nucleus, but one hypothesis is that a normal DNMT car-
ries it into the nucleus and DNMT3B7 may work either 
alone or in collaboration with that normal DNMT to regu-
late methylation patterns. To date, that hypothesis has not 
been supported by any experimental evidence, but the possi-
bility is still there. Unfortunately, due to the nature of bioin-
formatics we cannot test either the localization or binding to 
other proteins with the data available, so there is still much 
we do not understand about DNMT3B7 in patient tissues.

Taken together, this study emphasizes the necessity of 
including patient samples with in vitro work in order to verify 
results observed in the closed system of cell lines. Fortunately, 
with the growing amount of data publicly available on various 
bioinformatics databases, correlating in vitro results to clinical 
samples is becoming easier and more cost effective than in pre-
vious decades. It is hoped that an increased reliance on patient 
data in the future will save researchers valuable time, money, 
and effort in preclinical drug development studies that will lead 
to better diagnosis, treatment, and survival of patients.
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