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Abstract. The relation between survival and gene expression has been
investigated in many studies. Some used a univariate Cox model to
detect genes with expression significantly related to survival. Some built
a multivariate Cox model to analyze the influence of multiple genes on
death risk. The original Cox model assumes a linear relation between
survival and expression. But some evidence implied the existence of non-
linear relation. Whether the survival-expression relations for different
genes share some particular forms remain unknown. Here, we clustered
the survival-expression (S-E) relations by k-means. We also developed a
survival-expression (S-E) map to display the S-E relations for each clus-
ter and summarized four essential forms of relations. We believe that the
four essential S-E forms might assist the discovery of therapeutic targets
and enhance the understanding of mechanisms in cancers.
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1 Introduction

Many studies performed survival analysis to investigate the relation between
survival and gene expression. Some built a multivariate Cox model to predict
survival from the expression of several genes [2,9–11]. Some aimed to find prog-
nostic biomarkers and used a univariate Cox model to discover the significant
survival-related genes [2,3,6]. As the Cox model is linear, these studies implicitly
assumed a linear survival-expression (S-E) relation. Others applied non-linear
models and found evidence of non-linear relations [5,7,8]. However, whether the
S-E relations for different genes share some particular forms and what these
forms look like remain unknown.

Here, we aimed to find out the essential forms of S-E relations and clar-
ify their patterns. After computing the survival rates for each gene using Cox
regression with natural splines, we applied K-means on the resulting S-E rela-
tions, namely, the survival rates arranged by increasing expression. We proposed
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a survival-expression (S-E) map to display S-E relations for multiple genes simul-
taneously. It is a heat map whose rows are genes and columns are samples. Each
row display the S-E relation for a gene. We analyzed the gene expression data
for breast cancer, lung adenocarcinoma, lung squamous cell carcinoma. For all
of them, the S-E relations can be clustered into four groups. The S-E maps for
the four clusters revealed the differences in changing rates and tendencies of
S-E relations. We claimed that each cluster represents an essential form of S-E
relations, which might play a distinct role in biological systems. Careful investi-
gation in the S-E maps uncovered the variation in the proportion and detailed
configurations of the essential S-E forms for different cancers, indicating the het-
erogeneity of cancers. Surprisingly, even though lung adenocarcinoma and lung
squamous cell carcinoma are both non-small-cell lung carcinoma, their S-E maps
display significant difference.

In conclusion, we discovered four essential S-E forms by S-E maps for different
cancers. We believe that the discovery might assist the finding of therapeutic
targets to improve prognosis.

2 Methods

2.1 Cox Regression with Natural Splines

To analyze the relation between survival and gene expression, we applied Cox
regression with natural splines (degree of freedom is 2). Cox regression model is
a proportional hazard model which defines hazard rate λ as:

λ(t|x) = λ0(t)exp(βTx) (1)

where λ(t|x) represents the hazard rate at time t with covariate x, λ0(t) is the
baseline hazard function which is irrelevant to x. Cox regression does not have
to explicitly specify the form of baseline hazard function λ0(t), as it is cancelled
out during the computation of β. The survival rate S(t|x) is defined as:

S(t|x) = exp(−Λ(t|x)) (2)

where Λ(t|x) is the cumulative hazard function:

Λ(t|x) =
∫ t

0

λ(T |x) dT (3)

However, the computation of survival rate requires us to specify the baseline
hazard λ0(t). Thus, we define cumulative baseline hazard Λ0(t) as the Nelson-
Aalen estimator [1]:

Λ0(t) =
∑
ti≤t

di
ni

(4)

The βTx in the hazard function is replaced by the natural splines s(x). The
hazard function becomes:

Λ(t|x) = exp(s(x))Λ0(t) (5)
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The algorithm is implemented in the R language. The Cox model is built by
the coxph function in the survival package, and natural splines is given in the ns
function in the splines package. Finally, we obtained the survival rates for each
gene and patient.

2.2 Survival-Expression (S-E) Map

The S-E map is a heat map that combines multiple S-E relations as its rows. Each
S-E relation is the survivals sorted by increasing expression. Thus, the survivals
in the same column but different rows of the S-E map might be computed for
different patients. The colors indicate the magnitude of survival rates, where
green represents low survival and red represents high survival. Rows of the S-E
map are rearranged according to the results of hierarchical clustering, so as to
display similar patterns in the S-E relations.

3 Experiments and Results

3.1 Data Preprocessing

We analyzed three cancers in this study, i.e., breast cancer (BRCA), lung ade-
nocarcinoma (LUAD) and lung squamous cell cancer (LUSC). They were all
RNA-sequencing expression profiles downloaded from the UCSC Xena browser
(https://xenabrowser.net/datapages/, [4]). The RNA-sequencing expression
data revealed the gene activity inside specific tissues. They were generated by
the Cancer Genome Atlas (TCGA) research network (http://cancergenome.nih.
gov/). The survival data include information about the overall and disease-free
survival for each patient, which can also be obtained from TCGA. We selected
breast cancer (BRCA) because it has the largest sample size in the TCGA hub.
We selected lung adenocarcinoma (LUAD) and lung squamous cell carcinoma
(LUSC) because they have large sample size and both of them are subtypes of
non-small-cell lung cancer. The statistics of these data sets are listed in Table 1.
The number of genes in each data set is 20530.

Table 1. Statistics of the three data sets.

Cancer Abbreviation Sample size

Lung squamous cell carcinoma LUSC 494

Lung adenocarcinoma LUAD 503

Breast cancer BRCA 1080

3.2 Computation of the Overall Survival

We applied Cox regression with natural splines (df = 2) to analyze the influence
of gene expression on survival. As the prognosis of BRCA is better than LUSC

https://xenabrowser.net/datapages/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
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and LUAD, we computed the 5-year overall survival for LUAD and LUSC, and
the 10-year overall survival for BRCA. Then, the survival rates were sorted
according to the increasing expression for each gene, resulting in a survival-
expression (S-E) relation. We performed likelihood ratio tests to evaluate the
reliability of the fitting Cox models. Genes with small p-values were thought to
display reliable S-E relations, which were selected for further investigation. The
resulting p-value distributions for the three cancers are different. We chose the
genes with p < 0.001 for LUAD, p < 0.02 for LUSC and p < 0.01 for BRCA, so
that the number of selected genes ranged between 500 and 1000, i.e., 651, 445
and 793 respectively for LUAD, LUSC and BRCA.

3.3 Discovery of Four Essential Forms of Survival-Expression
Relations

After applying k-means with k = 4 on the S-E relations, we made the S-E maps
for the four clusters. Figs. 1, 2 and 3 display the results for BRCA, LUAD and
LUSC respectively. The four clusters for each cancer mainly show two patterns.
One is increasing survival with increasing expression (e.g. Fig. 1(b), (d)), while
the other is decreasing survival with increasing expression (e.g. Fig. 1(a), (c)),
each of which covers two clusters. The two clusters with the same changing
tendency display different changing rates at different expression. One has a fast
changing rate at low expression (e.g. Fig. 1(a), (b)), while the other has a fast
changing rate at high expression (e.g. Fig. 1(c), (d)).

We claim that these four clusters represent four essential forms of S-E rela-
tions in biological systems. We named them as I+, I−, D+ and D− according
to the changing rates and tendencies. Details are shown in Table 2.

Table 2. Characteristics of four essential S-E forms.

S-E form Changing tendency Changing rate

I+ Increasing Slow at low expression, fast at high expression

I− Increasing Fast at low expression, low at high expression

D+ Decreasing Slow at low expression, fast at high expression

D− Decreasing Fast at low expression, low at high expression

After careful investigation in the four S-E forms, we found some bell-shape
S-E relations. For example, at the bottom of Fig. 1(a), the colors of some S-E
relations display patterns as orange-yellow-green-yellow, indicating the changing
tendencies as high-low-high. Similar patterns can also be found in Fig. 1(b), (c)
and (d). The opposite tendency in the tail of a bell-shape S-E relation seems to
locate in the region where survivals change slowly. For example, at the bottom
of Fig. 1(a) for D−, the bell-shape S-E relations show a slight increase at the
high expression region, where survivals change slowly. At the bottom of Fig. 1(d),
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though the major tendency is increasing, we can see a slight decreasing at the
low expression region, where survivals also change slowly. Similar results are
shown in Figs. 2 and 3.
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Fig. 1. The four essential S-E forms for breast cancer (Color figure online)

3.4 Analysis of the S-E Maps Between Cancers

The above section showed the similarities between the same S-E forms for three
cancers. In this section, we focused on difference in the S-E forms between dif-
ferent diseases. We mainly compared the S-E maps for LUAD and LUSC, which
are both non-small-cell lung cancer. First of all, the color configurations of the
S-E maps for LUAD and LUSC are different. For LUAD, the major colors are
green and blue, while for LUSC, the major colors become yellow and green. The
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Fig. 2. The four essential S-E forms for lung adenocarcinoma (Color figure online)

difference in colors indicates that the patients with LUAD have a lower 5-year
overall survival rate than LUSC. Second, the proportion of bell-shape S-E rela-
tions in LUSC are larger than LUAD. In LUSC, they cover almost half of the
D−, I− and I+ forms (Fig. 3(a), (b) and (d)). But we cannot see such a large
proportion in LUAD. Third, the ratios of each S-E form between LUAD and
LUSC are different, as shown in Table 3. However, the difference is not signifi-
cant by chi-square test (p = 0.2133). These results indicate that the mechanisms
and characteristics of LUSC and LUAD might be disease-specific, though they
both belong to non-small-cell lung cancer.
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Fig. 3. The four essential S-E forms for lung squamous cell cancer (Color figure online)

Table 3. The number of genes in each S-E form for LUSC and LUAD

Cancer I+ I− D+ D−
LUSC 94 (21%) 51 (11%) 167 (38%) 133 (30%)

LUAD 131 (20%) 221 (34%) 180 (28%) 119 (18%)

4 Conclusion

The relation between survival and gene expression is implicitly assumed to
be linear in many studies. Univariate Cox regression is often applied to eval-
uate the significance of the association between survival and gene expres-
sion. Some researchers performed Cox regression with splines to analyze the
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non-linear survival-expression relation, but no one has ever bothered to reveal
the essential forms of survival-expression relations in the biological systems. In
this study, after obtaining the survival-expression (S-E) relations by Cox regres-
sion with natural splines, we clustered the S-E relations into 4 groups and drew
the S-E maps for each group. The S-E maps showed that the four clusters had
their special S-E configurations, which might demonstrate the essential forms of
S-E relations. Different S-E forms have various changing rates and tendencies
in survival versus expression. Bell-shape S-E relations exist in each form and
the opposite tendencies tend to appear in tail of the expression region where
survivals change slowly. Comparisons between S-E maps for lung adenocarci-
noma (LUAD) and lung squamous cell carcinoma (LUSC) showed the difference
in their 5-year overall survival rates. The coverage of bell-shape S-E relations
is larger in LUSC. The proportion of the four essential S-E forms are not sig-
nificantly different between these two types of lung cancers. The configurations
of the four essential S-E forms seem to be disease-specific, which reflects the
complexity of the biological system and the heterogeneity of cancers.

We believe that the essential S-E forms will provide more information for
analyzing the prognostic roles of genes and understanding the mechanisms of
cancers.
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