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Abstract

Background: Usually, genes with a higher-than-expected number of somatic mutations in
tumor samples are assumed to be cancer related. We identified genes with a fewer-than-expected
number of somatic mutations - “untouchable genes”.

Methods: To predict the expected number of somatic mutations, we used a linear regression
model with the number of mutations in the gene as an outcome, and gene characteristics, including
gene size, nucleotide composition, level of evolutionary conservation, expression level and others,
as predictors. Analysis of residuals from the regression model was used to compare the observed
and predicted number of mutations.

Results: We have identified 19 genes with a less-than-expected number of loss-off-function
(nonsense, frameshift or pathogenic missense) mutations —i.e., untouchable genes. The number
of silent or neutral missense mutations in untouchable genes was equal or higher than the ex-
pected number. Many mucins, including MUC16, MUC17, MUC6, MUC5AC, MUC5B, and MUC12,
are untouchable. We hypothesized that untouchable mucins help tumor cells to avoid immune re-
sponse by providing a protective coat that prevents direct contact between effector immune cells,
e.g., cytotoxic T-cells, and tumor cells. Survival analysis of available TCGA data demonstrated
that overall survival of patients with low (below the median) expression of untouchable mucins
was better compared to patients with high expression of untouchable mucins. Aside from mucins,
we have identified a number of other untouchable genes.

Conclusions: Untouchable genes may be ideal targets for cancer treatment since suppression
of untouchable genes is expected to inhibit survival of tumor cells.
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expected number of somatic mutations.
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Introduction

Carcinogenesis is often driven by somatic mutations
in cancer-associated genes [1-3]. As a result, cancer-
associated genes are among the most frequently mutated
genes in tumor samples. Nevertheless, a simple counting
of somatic mutations per gene to identify cancer-associated
genes can be misleading because the number of mutations
depends on gene characteeristics, including gene size,
expression level, replication time, etc. For example, highly
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expressed genes tend to have a higher mutability compared
to lower-expressed genes [4,5]. Genes that replicate later in
the cell cycle tend to have a higher mutability compared to
genes that replicate earlier [4,5]. Chromatin accessibility also
has been shown to be positively associated with mutability
[6]. A high frequency of C > T transitions in CpG sites
[7] indicates that nucleotide composition can be associated
with gene mutability. These associations suggest that gene
characteristics can be used to predict the number of somatic
mutations in the gene. It is important to have a reliable
prediction model, because the better we predict number of
mutations in a gene, the better we can identify outliers —
genes with an observed number of somatic mutations that
is significantly different from the expected/predicted number.
In our preliminary analysis, we found that the mutation-type-
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specific models (those separately predicting the number
of nonsense, missense and frameshift mutations) better
explain variation in the number of somatic mutations than the
pan-mutational model (paper submitted); therefore, we used
mutation-type-specific prediction models in this study.

Usually, studies that are designed to identify cancer-
associated genes are looking for genes with an excess num-
ber of somatic mutations. We hypothesized that genes with
a deficit of loss-of-function mutations — untouchable genes —
are also important. Untouchable genes do not harbor loss-
of-function mutations in tumors because having functioning
untouchable genes is critical for the survival of tumor cells.
If identified, must-have untouchable genes may be ideal tar-
gets for cancer treatment because suppression of untouch-
able genes is expected to decrease tumor cell viability.

Methods and materials
Mutation data

We used mutation data from the Catalog of Somatic Muta-
tions in Cancer (COSMIC). COSMIC is the largest repository
of somatic mutations in tumor samples. Our recent (August
2018) visit to the COSMIC found that there are over 7 mil-
lion unique somatic mutations detected in almost two million
tumor samples. Nearly half of the mutations are detected by
whole exome or whole genome sequencing. To ensure that
all genes were tested the same number of times, only mu-
tations detected by whole genome/exome sequencing were
used in the analysis. All cancer types were included. Somatic
mutation data from 20,147 tumor samples were analyzed.
In total, there were 2833,115 missense; 183,823 nonsense;
and 89,272 frameshift (FS) mutations. Mutations reported as
SNPs were excluded from the analysis.

Gene characteristics used as predictors of the
number of somatic mutations in the gene

The following gene characteristics were used as predictors:

(1) Gene size. We used NCBI Consensus coding sequence
project data to retrieve sizes of the coding regions [8].
The largest transcript was used when multiple tran-
scripts were reported for the same gene. We used a
moving average to visualize the relationship between
the gene size and the number of somatic mutations in
the gene. In brief, genes were ranked based on size,
from shortest to longest. A sliding window of 100 genes
was moved along the ranked genes with one gene step.
We found that this size of the sliding window was opti-
mal for smoothing of the relationship while keeping the
effects of strong outliers like TP53 visible. The average
gene size and average number of mutations were com-
puted and displayed for each position of the window.

(2) Number of potential sites in the gene for a given type of
mutation. The type of mutation (missense, nonsense,
silent) produced by a single nucleotide substitution
(SNS) depends on the type of substitution (e.g., C > T)
and its position in a given codon. For each nucleotide
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position there are three possible SNSs, making the to-
tal number of all possible SNSs equal to 3 x N, where
N is the length of the coding region of the gene in
nucleotides. We predicted mutational outcomes (mis-
sense, nonsense or silent mutation) for all possible
SNSs in all genes and used the number of potential
sites for each type of mutation in the gene as a predictor.

(3) Nucleotide composition. For each gene, we estimated

proportions of each of the four nucleotides and used
them as predictors of the number of mutations in the
gene.

(4) Percentage of CpGs. Mutation rate is known to be

higher in CpG dinucleotides [7], therefore we used the
percentage of CpGs as a predictor.

(5) Evolutionary conservation. It has been demonstrated
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that the level of evolutionary conservation of a gene
correlates with its mutability [9]. We used a conserva-
tion index based on the number of known orthologs as a
measure of the evolutionary conservation of each gene
[10]. Orthologs for each gene were identified among
20 species with complete genome sequences: Pan
troglodytes, Macaca mulatta, Canis lupus familiaris,
Bos taurus, Mus musculus, Rattus norvegicus, Gal-
lus gallus, Xenopus tropicalis, Danio rerio, Drosophila
melanogaster, Anopheles gambiae, Caenorhabditis
elegans, Saccharomyces cerevisiae, Kluyveromyces
lactis, Eremothecium gossypii, Schizosaccharomyces
pombe, Magnaporthe oryzae, Neurospora crassa, Ara-
bidopsis thaliana, and Oryza sativa. Similar to our pre-
vious study [10], a conservation index of ‘1’ was as-
sighed to genes with zero or one ortholog; a conser-
vation index of 2’ was assigned to genes with two or
three orthologs, and so on. Though identification of or-
thologs can be difficult for some genes and species be-
cause of low quality of sequencing or annotation data,
this is unlikely to have a profound effect on the assess-
ment of the level of evolutionary conservation because
our estimates are based not on a single species but
on 20 species with complete and annotated genome
sequences.

Expression level of the gene. The expression level of
a gene negatively correlates with the density of so-
matic mutations in it [4,5]. Gene expression data for
1037 cancer cell lines was downloaded from the Can-
cer Cell Line Encyclopedia (CCLE) [11]. The average
expression across CCLE cell lines was computed for
each gene and used as a predictor of the number of
somatic mutations in the gene.

(7) Nucleotide diversity. In preliminary analysis, we noted

that genes with similar percentages of nucleotides
(25% each) tend to have a higher density of so-
matic mutations. To account for this in our prediction
model, we devised a single measure characteriz-
ing how strongly the proportions of four nucleotides
deviate from being equal. We called this measure
nucleotide diversity (ND). ND was defined as the
probability that two nucleotides randomly selected
from the gene coding sequence are different: ND = 1-
(P(A)2 +P(C)2 + P(G)2 +P(T)2), where P(A), P(C), P(G), and
P are the percentages of each nucleotide in the
gene. ND was computed for each gene and used as a
predictor.



(8) SNP density. One can expect that genes with a high
intrinsic propensity to mutate will have a higher density
of germline variants, e.g., SNPs. SNP density was
computed as a ratio of the total number of unique
SNPs to the size of the coding region in nucleotides.
SNPs detected by the 1000 Genomes Project [12] were
used to ensure that different genes were targeted the
same number of times.

(9) Relative replication time. Late-replicating genes tend to
have a higher number of mutations compared to earlier-
replicating genes [4,5]. We used the relative replication
time data from the study by Ryba et al. [13]. We used
human genome build GRCh38 to match the positions
of probes with positions of the genes. When several
probes were mapped to the same gene, the average
replication time was used as a predictor. The closest
probe was used when there were no probes in the gene.
The replication time (negative for early and positive for
late-replicating genes) was used as a predictor of the
number of mutations in the gene.

(10) Chromatin accessibility. Chromatin accessibility has
been shown to be associated with mutability of the chro-
mosomal region [6]. Data from the study by Sos et al.
[14] were used in chromatin accessibility analysis. The
study used a transposon hypersensitive sites sequenc-
ing assay. The mean chromatin accessibility across ten
cell lines was computed for each gene and used as
a predictor of the number of somatic mutations in the
gene.

(11) Number of pseudogenes. In our pilot analysis, we found
that the number of pseudogenes reported for a given
gene is positively associated with number of somatic
mutations in it. We used the number of pseudogenes
reported by the Pseudogene.org database [15].

(12) Number of silent mutations. Even though some silent
mutations are known to be functional [16], most of
them are likely to be neutral. As a result, the density of
silent mutations can be used as an integrative measure
of gene mutability. We computed the density of silent
mutations for each gene and used it as a predictor
of the number of frameshift, missense and nonsense
mutations.

Statistical analysis

Stepwise multiple linear regression models were used to pre-
dict the number of mutations in each gene. The analysis of
residuals from the regression model was used to identify un-
touchable genes for which the observed number of frameshift,
nonsense or missense mutations predicted to be pathogenic
was significantly lower compared to the predicted numbers.
Separate prediction models were developed to predict the
number of nonsense, missense pathogenic, missense neu-
tral, silent and frameshift mutations. To stratify missense mu-
tations as neutral and pathogenic, we used the Functional
Analysis Hidden Markov Models (FATHMM) method [17]. Mu-
tations predicted to be neutral are unlikely to affect gene func-
tion, while mutations predicted to be pathogenic are likely to
have a significant deleterious effect.

Z-scores for residuals were computed separately for each
mutation type. A positive Z-score indicates an excess and
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Table 1 Gene characteristics significant in a stepwise, best-
subset multiple linear regression model for frameshift mutations
that resulted from deletions.

Predictor T-test P-value Beta (B)

Gene size in nucleotides 26.27 1.93E—-47 0.33

Nucleotide diversity —-11.58 5.82E-19 —0.11

Number of silent 9.85 2.74E-16 0.13
mutations in the gene

Gene expression in 5.54 3.15E-08  0.05
CCLE cancer cell lines

Percentage of "CpGs" —4.26 2.04E-05 —0.06

Percentage of "G" —3.95 7.80E—05 —0.05

Percentage of "A" 3.94 8.14E-05 0.07

Evolutionary 3.59 3.36E—-04 0.03
conservation

Percentage of "C" 3.44 5.94E-04 0.06

Relative replication time 2.63 8.51E-03 0.02

negative Z-score a deficit of mutations compared to the ex-
pected/predicted numbers. As a threshold for statistical signif-
icance, we used the absolute value of Bonferroni corrected Z
values. The Bonferroni correction was based on 15,610 tests
(the total number of genes used in the analysis), yielding cut-
off values of +4.79 for the negative and positive outliers.

Survival analysis

TCGA data were used to test the hypothesis that expression
of untouchable genes is associated with patient survival.
Because survival data in TCGA are limited, we conducted
a pan-cancer analysis of 34 TCGA cancer types. We used
Gene Expression Profiling Interactive Analysis (GEPIA)
[18] for pan-cancer analysis of survival. Cancer cases were
stratified into high- and low-expression groups based on the
median expression level of each gene.

Results
Prediction of frameshift (FS) mutations

We used separate prediction models for FS insertions and FS
deletions because molecular mechanisms of insertions and
deletions are likely to be different [19]. Table 1 shows predic-
tors that remained significant in the stepwise linear regres-
sion model for FS deletions. The most significant predictor
was “Gene size in nucleotides” followed by “Nucleotide diver-
sity” and the “Number of silent mutations in the gene”. The /2
value for the whole model was 0.24.

Table 2 shows predictors that remained significant for FS
insertions. The most significant predictor was “Gene size in
nucleotides” followed by “Nucleotide diversity” and the “Num-
ber of silent mutations in the gene”. The A2 value for the whole
model was 0.26.

Prediction of nonsense mutations

Table 3 shows gene characteristics that remained significant
in the multiple linear regression model for predicting the num-
ber of nonsense mutations in each gene. The most significant
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Table 2 Gene characteristics significant in a stepwise, best sub-
set multiple linear regression model for frameshift mutations that
resulted from insertions.
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Table 5 Gene characteristics significant in a stepwise, best sub-
set multiple linear regression model for somatic mutations pre-
dicted to be neutral by FATHMM.

Predictor T-test P-value Beta (B) Predictor T-test P-value Beta (B)
Gene size in nucleotides 18.34 4.85E-32 0.24 Number of silent 79.86 2.86E—148 0.74
Number of silent 8.59 1.56E—14 0.12 mutations in the gene
mutations in the gene Evolutionary —-38.74 8.32E-70 —0.21
Nucleotide diversity —8.83 6.76E—14 —0.09 conservation
Gene expression in 4.98 6.51E—-07 0.04 Nucleotide diversity —-13.95 1.51E-24 —0.10
CCLE cancer cell lines SNP density 13.88 6.81E—24 0.08
Percentage of "C" 414 3.46E—05 0.08 Percentage of "CpG" —12.99 1.75E-22 -0.14
Percentage of "A" 3.87 1.11E-04 0.07 Relative replication time 5.80 6.6E—09 0.03
Percentage of "G" -3.19 1.45E—-03 —0.04 Number of pseudogenes 4.05 5.04E-05 0.02
Percentage of "CpG" —2.66 7.78E—03 -0.04

Table 3 Gene characteristics significant in a stepwise, best sub-
set multiple linear regression model for nonsense mutations.

Predictor T-test P-value Beta (B)
Number of potential sites 28.88 5.89E-52 0.32
for nonsense mutations
Number of silent 22.61 2.76E—-22 0.25
mutations in the gene
Relative replication time —4.00 6.35E—05 —0.03
Percentage of “G” —3.49 0.000479 —0.04
Percentage of “C” —2.16 0.030656 —0.04

Evolutionary 2.07 0.03807 0.01

conservation

Table 4 Gene characteristics significant in a stepwise, best sub-
set multiple linear regression model for silent mutations.

Predictor T-test P-value Beta (B)
Gene size in nucleotides  172.73  32.58E-324 0.79
Relative replication time —29.32 6.72E-53 -0.14
Gene expression in —23.16 8.12E—41 -0.12
CCLE cancer cell lines
Nucleotide diversity 21.07 8.32E-37 0.12
Density of SNPs (1K 13.86 7.45E—-23 0.06
Genomes Project)
Percentage of "C" 12.97 5.76E—-22 0.14
Percentage of "G" 8.30 1.11E-16 0.06
Number of pseudogenes  7.53 5.28E—14 0.03
Percentage of "CpG" 7.05 1.81E-12 0.06
Percentage of "A" 3.95 7.83E—05 0.04
Chromatin accessibility —2.96 3.05E-03 —0.01

predictor was the number of potential sites for nonsense mu-
tations. Other significant predictors included the number of
detected silent mutations and replication time. The R? value
for the whole model was 0.40.

Prediction of silent mutations

Table 4 shows predictors that remained significant in the mul-
tiple linear regression model predicting silent mutations. Size
of the gene was the most significant predictor followed by
the “Relative replication time” and “Gene expression in CCLE
cancer cell lines”. The A2 value for the whole model was 0.89.

Table 6 Gene characteristics significant in a stepwise, best sub-
set multiple linear regression model for somatic mutations pre-
dicted to be pathogenic by FATHMM.

Predictor T-test P-value Beta (B)
Number of silent 62.92 2.47E-116 0.56
mutations in the gene
Evolutionary 27.66 1.86E—50 0.15
conservation
Gene size in nucleotides 25.78 4.79E—46 0.22
Relative replication time —10.49 2.46E-17 —0.06
SNP density —10.37 5.34E-17 —0.05
Percentage of "CpG" 7.12 1.11E-12 0.07
Nucleotide diversity 6.48 9.57E—11 0.04
Percentage of "G" —5.09 3.58E-07 -0.04
Percentage of "C" —5.02 5.12E-07 —0.06
Number of pseudogenes —2.41 0.015904 —0.01

Prediction of the numbers of neutral and
pathogenic missense mutations

Table 5 shows gene characteristics that remained significant
in the multiple linear regression model for neutral missense
mutations. The most significant predictor was the number of
reported silent mutations in the gene. Other significant predic-
tors included “Evolutionary conservation”, “Nucleotide diver-
sity”, “SNP density” and “Percentage of ‘CpG™. The R? value
for the whole model was 0.87.

Table 6 shows gene characteristics that remained signifi-
cant in the multiple linear regression model for prediction of
pathogenic missense mutations. The most significant predic-
tor was the number of silent mutations reported in the gene.
Other significant predictors included “evolutionary conserva-
tion”, “Gene size in nucleotides”, “SNP density” and “Relative
replication time". The R? value for missense mutations pre-
dicted to be pathogenic was 0.85 for the whole model.

Untouchable genes

Our major goal was to identify genes with a less-than-
expected number of the loss-of-function mutations —i.e., un-
touchable genes. A gene was considered to be untouchable
if the Z-score for any of loss-of-function (FS deletions, FS in-
sertions, nonsense or missense pathogenic) mutations was
<—4.79. Nineteen untouchable genes were identified. Table 7



Table 7 Residual Zscores for untouchable genes.
Gene Pathogenic mutations FS deletions FS insertions Nonsense Neutral Silent

Obs.  Pred. Z-score Obs. Pred. Zscore Obs. Pred. Zscore Obs. Pred. Z-score Obs. Pred. Z-score Obs. Pred. Z-score
MUC16 0 28522 -30.0 29 1124 -9.8 20 42.6 -5.24 170 223.7 -35 5185 1876.7 47.0 1209 1241.3 3.6
FLG 7 1366.3 —-14.3 31 40.0 -1.1 10 15.9 —1.36 127 1147 0.8 3459 11569 32.7 719 329.0 13.5
MUC17 13 1333.2 -13.9 11 43.4 -3.8 4 171 —-3.04 58 90.4 -241 3088 1153.5 27.5 694 393.3 12.2
MUC6 156 1073.9 -9.7 27 30.5 -04 19 12.3 1.56 44 66.5 -1.5 3372 9524 34.3 595 209.3 14.0
HRNR 13 898.8 -9.3 14 26.2 -1.4 4 10.5 —-1.50 68 73.3 -0.3 2332 799.0 21.8 483 243.6 8.9
DSPP 31 906.3 -9.2 2 21.7 -2.3 1 8.7 —-1.78 11 51.5 —-2.6 928 790.0 2.0 510 71.8 14.2
MUC5AC 185 1023.8 -8.8 41 45.0 -0.5 10 17.3 —1.69 43 74.9 241 1485 7675 10.2 52 35.2 0.8
OBSCN 1104 19181 -8.6 62 70.1 -1.0 15 26.7 -2.71 105 1551 3.2 1708 13309 5.4 862 731.4 6.1
MUC5B 173 981.5 -8.5 40 455 -0.7 9 17.5 —1.96 41 71.0 -1.9 1420 731.6 9.8 465.0 480.8 -04
FLG2 43 684.2 —-6.8 16 21.3 -0.6 1 8.3 —-1.70 93 64.7 1.8 1309 567.8 10.5 349 199.4 5.3
MUC12 0 630.5 —-6.6 7 39.5 -3.8 10 15.0 —-1.16 24 61.2 -24 1078 436.3 9.1 256.0 423.2 -6.0
AHNAK 594 11970 -6.3 30 46.1 -1.9 11 17.2 —1.43 54 93.7 —-2.6 1032 756.7 3.9 508 422.3 25
ABCA13 518 1092.0 -6.0 34 39.8 -0.7 22 15.1 1.60 84 100.0 -1.0 1464 741.5 10.3 471 376.4 2.6
RP1L1 147 697.3 -5.8 36 224 1.6 7 8.7 —0.40 56 55.2 0.1 1318 581.3 10.5 369 207.6 5.8
MKI67 53 597.6 -5.7 40 27.8 1.4 15 10.7 1.00 52 59.2 -0.5 980 410.2 8.1 254.0 237.7 0.6
PLIN4 14 521.9 -53 12 14.5 -0.3 5 5.6 —-0.14 9 31.0 -1.4 828 491.9 4.8 305 135.4 6.4
FSIP2 84 575.3 -5.2 15 442 -3.4 6 16.1 —2.34 30 1025 -4.8 353 170.4 2.6 88 4871 —-15.4
MAGEC1 0 476.5 -5.0 12 12.9 -041 6 55 0.12 40 34.3 0.4 1421 504.2 13.0 283 106.6 6.0
PKD1LA 104 571.1 -4.9 28 21.0 0.8 5 8.0 —0.69 40 49.9 —-0.6 861 425.1 6.2 260 236.6 0.9

Negative outliers (genes with a less-than-expected number of mutations) are shown in blue and positive outliers (genes with a more-than-expected number of mutations) are shown in red.
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(c) silent mutations; and d) neutral missense mutations.

with survival, while MUC1, MUC4, and MUC21 were. The re-
sults of survival analysis were also ambiguous for non-mucin
genes. We found that HRNR, ABCA13, RP1L1, and MKI67
were associated with survival, while FLG, OBSCN, AHNAK,
PLIN4, FSIP2, and PKD1L1 were not.

Many untouchable mucins are membrane tethered

To assess cellular localization of untouchable and non-
untouchable mucins, we used data from the COMPART-
MENTS database [22]. COMPARTMENTS maintains conclu-
sions about cellular localization of a gene product based on
manually curated reviews of literature and data from high-
throughput immunohistochemistry studies. The confidence
scores (CSs) of COMPARTMENTS are an integrated mea-
sure of evidence for localization of the protein in each of the
pre-specified (total eleven) subcellular compartments. CSs
can be between zero (no evidence for localization in a spe-
cific cellular compartment) and five (very strong evidence for

localization of the protein in a given compartment). The results
of the analysis are shown in Table 10. All untouchable mucins,
including MUC4, which shows a nominally significant deficit of
pathogenic mutations, have the highest confidence score for
localization in a cellular membrane. Out of 6 non-untouchable
mucins, only two show strong evidence for cellular membrane
localization.

Untouchable mucins tend to be less amplified in
tumor samples compared to mucins that do not

show a deficit of pathogenic or loss-of-function

mutations

We used COSMIC whole genome sequencing data to identify
samples with Copy Number Variation (CNV) gains or losses.
For CNV assessment, COSMIC uses a strict definition of gain:
> 5 copies if average genome ploidy <2.7 or > 9 copies
if average genome ploidy >2.7. We found that untouchable
mucins show CNV gains in a smaller percentage of samples
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Fig. 3 Survival curves for two mucin genes with (MUC6 and MUC12) and without (MUC15, MUCL1) a deficit of loss-of-function or
pathogenic mutations. High expression cases are shown in red and low expressing cases are shown in blue.

compared to non-untouchable mucins—those without a deficit
of pathogenic mutations. The mean number of samples with
a gain of mucin for untouchable mucins was 23+8, and the
mean number of samples with a loss of mucin for untouchable
mucins was 198+51. The difference is significant (t-test3.4,
df=10, p=0.008). Untouchable and non-untouchable mucins
do not differ by CNV losses: 8 +2 and 9 & 6, correspondingly.

Discussion

We identified nineteen genes in the human genome with a
deficit of loss-of-function mutations. Six out of nineteen un-
touchable genes are mucins. Mucins are known to be as-
sociated with cancer initiation and progression through reg-
ulation of inflammation, cell adhesion or proliferation (see
[20,23,24] for review). Expression of mucins is the prognostic
marker for survival in lung, [25] breast, [26] colorectal, [27] and
prostate cancer [28].

We found that mucin 16 (MUC16) exhibits the strongest
deficit of pathogenic mutations, with almost 3000 pre-
dicted pathogenic missense mutations and zero observed
pathogenic missense mutations (Table 7). The observed num-

bers of frameshift and nonsense mutations were also lower
than expected. The observed number of silent mutations does
not differ from the expected number, and the observed num-
ber of neutral missense mutations was higher than expected.
The association of MUC16 with cancer has been known for
almost 40 years. The first report on the CA125 antigen en-
coded by MUC16 was published in 1981 [29]. CA125 is
used biomarker for detection and screening of ovarian can-
cer[30,31]. Other untouchable mucins, including MUC17[32],
MUC6, MUC5AC [33,34], MUCS5B [35,36], MUC12 [37], and
MUC4 [38—40], are known to be associated with cancer risk
and development.

Untouchable mucins may provide a critical survival advan-
tage to tumor cells. We hypothesized that loss-of-function or
pathogenic mutations in untouchable mucins expose tumor
cells to a host’s immune system, which leads to elimination
of the mutant clone, and that is the reason why we do not de-
tect loss-of-function or pathogenic mutations in untouchable
genes, while neutral and silent mutations are allowed. Mucins
form a physical barrier for antigen-presenting cells or immune
effector cells (natural killer cells, cytotoxic T lymphocytes).
Those immune cells need to come into contact with tumor
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Table 9 P-values from log ratio (LR) test, and hazard ratio (HR)
from survival analysis.

Gene name Mucin Untouchable LR P HR
FLG No Yes 6.80E—01 1
HRNR No Yes 3.00E—-02 0.89
OBSCN No Yes 3.40E-01 0.95
AHNAK No Yes 4.90E-01 1
ABCA13 No Yes 1.00E-14 1.5
RP1L1 No Yes 5.00E—-08 1.3
MKI67 No Yes 1.00E—-14 1.7
PLIN4 No Yes 8.80E—-01 0.98
FSIP2 No Yes 8.90E-01 1
PKD1L1 No Yes 7.20E-01 1
MUC16 Yes Yes 1.60E-03 1.2
MUC6 Yes Yes 4.00E-07 1.2
MUC5B Yes Yes 5.00E—-07 1.2
MuUC12 Yes Yes 3.90E-14 1.3
MUC4 Yes No 1.10E—-11 1.3
mMucz1 Yes No 5.60E—08 1.3
MUC15 Yes No 5.60E—-01 0.95
MUC20 Yes No 6.80E—-02 1.1
MucCL1 Yes No 9.50E-01 0.99
MUC1 Yes No 8.60E—03 1.2

Table 10 Cellular localization of mucins. CM — cellular mem-
brane, EC — extracellular localization.
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cells directly to kill them. Consistent with this hypothesis, we
found that expression of untouchable mucins is negatively
associated with patient survival.

There is more than one way by which mucins may influence
cancer development. Mucins may regulate the expression of
the genes directly involved in cell proliferation and survival
[41]. Missense mutations in mucin genes may impact im-
mune response and survival through creation of neoantigenic
epitopes [42,43]. Mucins produce multiple splice isoforms
[44,45] and have overlapping function with compensatory
upregulation of the lost or downregulated genes [46,47].

We focused on loss-of-function and neutral mutation in
mucins. We found that a number of mucins (dubbed untouch-
able in this study) show a significant deficit of loss-of-function
mutations, suggesting that having functional mucins is
important for survival of tumor cells. We found that lower ex-
pression of mucins is associated with a better overall sur-
vival in pan-cancer setting. Some studies however reported
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the opposite effect of mucin expression on patient survival
[48,49]. The difference can be attributed to interplay between
different mechanisms by which mucins influence cancer de-
velopment. For example, tumor cells may become more vul-
nerable to immune system either due to the loss of protec-
tive physical barrier (loss-of-function mutations in untouch-
able mucins) or due to acquiring neoantigen-generating mis-
sense mutations. In the latter case higher expression of mu-
tant mucin with neoantigenic properties may lead to a stronger
immune response and a better patient survival. Future studies
focused on a joint analysis of loss-of-function and neoanti-
genic mutations will provide a better understanding of the
role of mucin somatic mutations in cancer development and
progression.

A recent review by Dhanisha et al. [50] provides an excel-
lent description of mucins, including review of studies where
mucins were used as targets for cancer treatment. There are
currently 24 Phase 1-3 clinical trials targeting mucins. Fifteen
studies are targeting MUC1, three studies are investigating
MUC4, three studies focus on MUC13, and three studies an-
alyze MUC16. Only one (MUC16) untouchable mucin is in-
cluded in ongoing clinical trials.

We found that untouchable mucins that are extremely rare
show CNV gains, while non-untouchable mucins are likely
to be amplified. Amplification could allow non-untouchable
mucins to accumulate mutations in amplified copies of the
gene while maintaining enough amounts of functional wild-
type gene sequences. It is possible, therefore, that both (un-
touchable and non-untouchable) mucins are important for tu-
mor survival, but mucins with CNV gains can allow to have
loss-of-function mutations.

A number of non-mucin genes with a deficit of loss-of-
function mutations were also detected. Below we provide brief
descriptions of non-mucin untouchable genes.

FLG — filaggrin. FLG is a filament-associated protein that
aggregates keratin filaments. FLG is a key structural element
of the epidermal barrier. Up to ten percent of people of Eu-
ropean origin carry one of two loss-of-function mutations in
FLG, designated R501X and 2282del4 [51]. Both of these
mutations lead to premature termination of transcription and
homozygosity is associated with the complete absence of pro-
cessed filaggrin in the epidermis [51]. Loss-of-function FLG
mutations increase the risk for atopic dermatitis [52] and al-
lergic rhinitis [53]. There is no evidence that loss-of-function
filaggrin mutations are associated with cancer risk [54].

HRNR — Hornerin, FLG3. This protein is the component
of the epidermal cornified cell envelope, which serves as the
upper physical barrier of epidermis. Elevated expression of
hornerin has been shown to be associated with breast cancer
progression [55].

DSPP — Dentin Sialophosphoprotein. This preproprotein
is secreted by odontoblasts and is proteolytically processed
to generate two principal proteins of the dentin extracellular
matrix of the tooth, dentin sialoprotein and dentin phosphopro-
tein. DSPP gene-silencing inhibits key tumorigenic activities
in the human oral cancer cell line [56].

OBSCN — Obscurin. OBSCN is important in the organiza-
tion of myofibrils. There is no published evidence on the role
of OBSCN in cancer.

FLG2 - Filaggrin Family Member 2. FLGZ2 is functionally
similar to FLG. The protein encoded by FLGZ2 is required for
skin cornification. Defects in this gene are associated with



skin diseases. There is no published evidence on the role of
FLG2in cancer.

AHNAK — Desmoyokin. AHNAK s a structural scaffold pro-
tein important in maintaining the blood-brain barrier. The gene
plays a role in cell migration. A number of publications indi-
cate the involvement of the AHNAK in cancer development,
in the progression of breast cancer [57], and in glioma [58].

ABCA13 — ATP Binding Cassette Subfamily A Member
13. ABC transporters are ubiquitously expressed membrane-
bound proteins. There is no published evidence on the role of
this protein in cancer.

RP1L1 — Retinitis Pigmentosa 1 Like 1. RP1L1 regulates
microtubule polymerization. We are not aware of any studies
linking RP1L1 to cancer risk or progression.

MKI67 — Marker Of Proliferation Ki-67. This gene plays a
role in maintaining chromosomes and preventing them from
collapsing into a single chromatin mass [59]. There is no pub-
lished evidence on the role of MKI67 in cancer.

PLIN4 — Perilipin 4. PLIN4 plays an important role in the
regulation of lipolysis [60,61]. There is no published evidence
that indicates this gene is associated with cancer.

FSIP2 — Fibrous Sheath Interacting Protein 2. This gene
encodes a protein that is a structural component of the sperm
fibrous sheath. Currently, there is no published evidence that
this gene is cancer-associated.

MAGECT1 - MAGE Family Member C1. MAGEC1is amem-
ber of the melanoma antigen gene family. MAGE antigens are
recognized by cytolytic T lymphocytes. There is published ev-
idence on the role of MAGECT in cancer, including myeloma
[62], prostate cancer [63], breast cancer [64], and melanoma
[65].

PKD1L1 — Polycystin 1 Like 1. PKD1L1 is a member of
the polycystin protein family and serves as a cation channel
in the cellular membrane. There is no published evidence on
the role of this gene in cancer.

Untouchable genes are likely to represent genes of two
types: genes that provide protection against immune re-
sponse, and essential housekeeping genes that are required
for survival of any cell, including tumor cells. Untouchable
mucins are examples of the genes in the first category, and
FLG, MKI67, OBSCN and PKD1L1 are examples of the genes
in the second category. The four listed genes are ubiquitously
expressed essential genes [66]. Targeting essential house-
keeping genes is likely to be challenging because it will be
associated with significant side effects. Targeting untouchable
mucins seems to be more feasible and less likely to be asso-
ciated with side effects.
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