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Abstract—Traditional pipeline for the task of detecting pheno-
typic biomarkers is a two-stage implementation, i.e., differentially
expressed candidates are identified by NT tests, and then a subset
of the candidates are further detected by phenotype-targeted
tests (PT test) for significant phenotypic features, where N is
short for Normal data and T is for Treatment/Trouble data.
Such a two-stage procedure has low detection power as they
do not make full use of the information contained in the (T,
N). In this paper, we apply the two-variate PT test which jointly
considers tumor-adjacent data and tumor data for improving the
detection power. We investigate its performance by experiments
on real-world datasets of breast cancer, considering phenotypes
including BMI, overall survival time, pathologic stage, and tumor
size. The results show that the method has high detection power
and is more reliable, and the tumor-adjacent normal data plays
an important role in the detection of phenotypic biomarkers.
Finally, we obtain a new finding that the gene TCTEX1D2 is
significantly related to tumor size in breast cancer.

Index Terms—two-variate phenotype-targeted test, phenotypic
biomarkers, breast cancer

I. INTRODUCTION

The detection of phenotypic biomarkers plays a crucial

role in medical research for breast cancer which ranks first

in the incidence rate and mortality rate for females among

cancers [1]. There are many valued clinical features for cancers

including pathologic stages, number of lymph nodes, tumor

size, survival time and so on, and they can be regarded as

phenotypes for patients. The comprehensive understanding of

the relationship between these features and cancer biomarkers

(functional molecules e.g., genes or ncRNAs) helps to reveal

the roles for biomarkers in the progression of cancers [15],

[24].

Candidate cancer biomarkers can be searched by differential

expression NT test on cases and controls, where T indicates

abnormal or trouble conditions such as Tumor or Treatment

data, and N represents normal conditions or Tumor-adjacent

data which comes from histologically normal tissue adjacent

to the tumor (up to 1 cm from the margins of the tumor)

[38]. In traditional pipelines, the phenotypic biomarkers are

either identified directly by uni-variate phenotype-targeted test

(PT test) [38], or further selected from a candidate set of

cancer biomarkers in a two-stage implementation [21], [39].

For instance, stromal genes expression is utilized to predict

clinical outcome in breast cancer as the stromal compartment

plays an important role in cancer initiation and progression

[6]. The above traditional pipelines have low detection power

owing to two limitations. As described in the Fig.7d(2) [38],

the first limitation shows that different phenotypes may not

be differentiated if considering T data only, but actually can

be well separated when both T and N are jointly considered.

Therefore, it is essential to pay attention to the important

role of Normal conditions played in the PT test. The second

limitation, resulted from the two-stage implementation, is that

the differential expression between T vs N may not well cope

with the distinctions between phenotypes [38]. Therefore, the

number of biomarkers detected by both the NT test and PT

test is very few.

In this paper, both T and N are jointly considered into

the two-variate phenotype-targeted test (two-variate PT test)

as suggested in Table 4 of Ref. [38]. The conditions (T and

N), phenotype and expression profiles form a data cubic. The

two-variate PT test analyzes the data cubic directly and over-

comes the two limitations discussed above. We evaluate the

involved methods on the real-world datasets of breast cancer

in considering different data types and different phenotypes.

The RNA-seq gene expression profiles come from The Cancer

Genome Atlas (TCGA) database while the Microarray gene

expression profiles from the Gene Expression Omnibus (GEO)

database, on which we apply two kinds of implementation

of two-variate PT test. One implements the two-variate PT

test by the Hotelling test and the other is based on Fisher

discrimination analysis (FDA).

We take four phenotypes including BMI, overall survival

(OS) time, pathologic stage, and tumor size into account for

studies of breast cancer. Based on the literature searches, we

collected three biomarkers for BMI. Two out of three are

associated with BMI and the rest one is not. As for the

OS time, we first annotate the top 10 protein-coding genes

ordered by two-variate PT test and they are classified into three

classes according to whether they are associated with survival

of patients with breast cancer. Subsequently, we collected 20

biomarkers which are regarded as survival-related genes to

show whether the two-variate PT test can detect them or not.

As a result, 22 biomarkers are utilized to evaluate the detection

power of related methods while the rest one is regarded as

a false negative case on BMI and OS time. Moreover, the
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proportion of genes in class A can also evaluate that. The

FDA-based two-variate PT test can detect all of biomarkers

which are detected by other methods, and we show that on

the studies of OS time and pathologic stage. Finally, we detect

one susceptibility gene for tumor size in breast cancer.

II. METHODS

A. Motivations

The PT test utilizes the one-dimension (T or N) data of one

biomarker to test whether it can differentiate phenotypes or not

as illustrated in Fig.7b-d [38]. For example, the significant

SNPs can be detected by χ2 test in GWASs [14]. After

the classification of clinical outcome (good survival or poor

survival), we can identify survival-related genes by univariate

t-test [11]. Both of them employ one condition and belong to

the PT test. Two toy examples are given in Fig.1. The Fig.1(A)

shows that the PT test works while phenotypes cannot be dif-

ferentiated depending on tumor data in Fig.1(B). If the normal

data is also involved, there is an obvious boundary between

two phenotypes. Therefore, the tumor-adjacent normal data

has a great effect on the performance of the PT test, which

motivates us to jointly utilize both normal and tumor data for

phenotype differentiation.

Fig. 1. Two toy examples

The traditional pipeline for the detection of phenotypic

biomarkers consists of the NT test and PT test. The NT test

provides significant differentiation expression biomarkers and

then they are tested to confirm whether they can also differenti-

ate phenotypes. From the perspective of the lattice taxonomy

of tests for the multivariate test, the pipeline considers the

strongest collegiality leading to lower detection power [38].

The significant differentiation phenotype biomarker set is a

subset of a significant differentiation expression biomarker set.

In Fig.2, most of the significantly differentiated expression

biomarkers are not phenotypic biomarkers as the differen-

tiation expression may not well cope with the distinctions

between phenotypes. Altogether, the sufficient number of

identified biomarkers cannot be guaranteed, which motivates

us to integrate both the NT test and PT test rather than utilize

them like a factory assembly line.

B. The two-variate phenotype-targeted test

In considering the two motivations, we integrate expression

profiles, tumor and adjacent-tumor normal conditions and

phenotypes into a data cubic, on which the recently proposed

Fig. 2. Graph description of the traditional pipeline

two-variate PT test is performed [37], [38] to detect phenotypic

biomarkers. In Fig.1(B), two phenotypes can be separated

by a line in the scatter plot. Only considering the tumor

data, i.e., the projections on y axis in the Fig.1, the PT test

can not distinguish two phenotypes, while the two-variate

PT test offers opportunities to detect more biomarkers for

distinguishing Phenotype 1 (PT1) and Phenotype 2 (PT2) by

jointly considering the (T, N). In sequel, we perform two types

of implementation, as suggested in Table 4 of Ref. [38].

The first implements the two-variate PT test by the Hotelling

test, which generalizes the Student’s t-test into the multivariate

statistical method, and its corresponding statistics are defined

as:

T 2 =
N1N2

N1 +N2
(μ1 − μ2)

′Σ−1(μ1 − μ2)

μw =

Nw∑

i

xw
i , w = 1, 2

Σ = Σ1 = Σ2,

(1)

and
N1 +N2 − p− 1

(N1 +N2 − 2)p
T 2 ∼ Fp,N1+N2−p−1, (2)

where the N1 and N2 are the number of case and control

populations, the F follows F distribution with parameters p
and N1 +N2 − p− 1 and p is the dimension of x.
The second is based on FDA, which aims to seek a linear

projection y = θ′x so that samples can be separated into two
populations. We first assume the mean vector of two classes

C1 and C2 for x:

μw =
1

Nw

∑

i∈Cw

xi w = 1, 2 (3)

After projection, we obtain:

μy
w =

1

Nw

∑

i∈Cw

ywi

ywi = θ′xw
i

σy
w
2 =

∑Nw

i (ywi − μy
w)

Nw
, w = 1, 2

(4)

And the objective function can be expressed as:

max
θ

J(θ) =
(μy

1 − μy
2)

2

α1σ
y
1
2
+ α2σ

y
2
2

=
θ′(μ1 − μ2)(μ1 − μ2)

′θ
α1θ′σ2

1θ + α2θ′σ2
2θ

,

(5)

where α1 = N1

N1+N2
and α2 = N2

N1+N2
. After obtain θ, we use

the FDA projection θx to replace the original expression value,
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and conduct the two-sample t-test in which the null hypothesis

is:

H0 : μy
1 = μy

2, (6)

where μy
1 and μy

1 are mean of projection values for two

phenotypes. When the y is one-dimensional, it shows that
T 2 = N1N2

N1+N2
J(θ) and the FDA aims to seek a direction θ

along which two populations differ mostly [37].

III. DESCRIPTION OF DATASETS AND PREPROCESSING

The RNA-seq dataset comes from the TCGA database

and was collected in GSE62944 from GEO database, while

Microarray dataset was collected in GSE70951. The RNA-seq

dataset measures the level of transcription by FPKM value

of RNA-seq [27]. And it contains 113 samples in which the

TCGA-A7-A0DC has no tumor data. After removing male

samples, the sample size of that is 111. The Microarray

data were background-corrected and quantile normalized using

limma in R [32]. To reduce the error introduced by different

platforms, we chose the cohort with 148 samples, and the

corresponding platform is GPL13607. 20 samples do not have

BMI and the sample size is 128. As for the study of tumor

size, five samples have no tumor size data so that the sample

size is 143.
The OS time is defined as the length of time from either

the date of diagnosis or the start of treatment for a disease to

death of one patient. Here, OS time is utilized to classify good

and poor survival. We filtered out censored data which are

not taken into account in the phenotype-targeted test including

the simplest case and two-variate cases. After removing the

censored samples, the sample size of breast cancer is 87. There

is one missing value for the study of the pathologic stage

and the sample size is 110. We define stage I and II as low

pathologic stage and the rest belongs to the high one. As for

the BMI, we obtain binary phenotypes by comparing with its

mean value. The tumor size is often classified into two groups

according to whether the diameter is greater than or equal to

2 cm [36].

IV. RESULTS

A. Body Mass Index in breast cancer
The expression profiles of tumor-adjacent normal for both

the macrophage scavenger receptor (MSR1) and the leptin
(LEP) are associated with BMI except for the adipocyte-
derived hormone adiponectin (ADIPOQ) [26]. In other words,
the gene MSR1 and LEP can be regarded as benchmarkers

for evaluation of detection power of the two-variate PT test,

while the gene ADIPOQ can be made use of evaluation of the

reliability. Three probes of gene MSR1 have no missing value
while those probes of both gene MSR1 and LEP have missing
value. We filtered out samples with missing values rather than

imputed them for reduction of errors introduced by imputation

methods. After the transformation of continuous values of BMI

into binary values compared with its mean value, four methods

including PT test, NT test and two implementations of two-

variate PT test were conducted for the three genes and related

results were shown in Table I.

The gene MSR1 can be detected by the PT test and two
implementations of two-variate PT test. However, gene LEP
can be detected by two implementations of two-variate PT

while the PT test cannot. The gene ADIPOQ cannot be

detected by two implementations of two-variate PT test, which

is consistent with existing evidence. The Fig.3 shows the

scatter plots of three genes. Both the gene MSR1 and LEP
can be classified into two classes by the black line and the

tumor data makes contributions to the detection. As for gene

ADIPOQ, there is no boundary to divide them into high-BMI
group and low-BMI group. Therefore, tumor data does not

result in false positive discoveries. Altogether, two-variate PT

test is more powerful and reliable.

B. Survival outcome in breast cancer

The survival outcome can be classified into good survival

and poor survival based on survival time. Here, we divided

samples into the good-survival group or poor-survival group

according to five-year overall survival time. If the survival

time of one sample is greater than or equal to five years and it

is not censored, we classify that into the good-survival group.

We obtained 4047 significant genes by FDA-based two-variate

PT test and 1260 by Hotelling test. The PT test can identify

1154 genes and 716 genes can be detected by both PT test

and NT test (α = 0.05). The number of biomarkers detected
by four methods is described by the Venn plot Fig.4(A). The

FDA-based two-variate PT test can detect all genes which

were detected by the PT test or Hotelling test. Moreover, the

Hotelling test detected more biomarkers than PT test, while

the biomarker set detected by the PT test is not a subset of

the biomarker set of Hotelling test. As a result, the FDA-based

two-variate PT test achieves more detection power.

To evaluate the performance of two-variate PT test, we

annotated top 10 protein genes ordered by FDA-based two-

variate PT test and classified them into three classes. Class A

contains genes which are associated with survival. Genes in

class B are related to breast cancer but there is no obvious

evidence for the existence of relations between them and

survival while the rest genes make up the class C. The results

were shown in Table II. There are four genes in the class A

including gene FXYD1, ZNF425 , IRF2 and ANG. The highest
conservation between FXYD family members lies in the region
of the transmembrane domain of Dysadherin which plays

a role in cancer progression [19]. The Zinc Finger Protein

425 (ZNF425) occupies significant copy number aberrations
distinguishing primary breast tumors associated with and

without lymph node metastases [4]. The Interferon Regulatory

Factor 2 (IRF2) can lead to growth inhibition of human breast
carcinoma cell lines [41]. The estradiol-induced Angiogenin

(ANG) derived from cancer cells significantly increases en-

dothelial cell proliferation [22]. The class B contains two genes

including gene SGSH [16] and EIF3J [9], and class C has four
genes. The ten genes also can be detected by the Hotelling test.

As a result, the proportion of genes in class A is 40%, which

indicates that the two-variate PT test is more powerful.
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TABLE I
RESULTS OF THREE GENES FOR BMI STUDY IN BREAST CANCER

Gene Symbol Probe ID PFDA PHotelling PNT PPT Transcription ID Postion
A 23 P392942 5.14E-06 3.20E-05 1.39E-13 8.74E-06 NM 002445 chr8:015998022-015997963

MSR1 A 33 P3379326 3.67E-06 2.32E-05 1.05E-02 4.17E-06 NM 138715 chr8:015967653-015967594
A 24 P372223 8.23E-06 5.42E-05 3.28E-03 1.19E-05 NM 138715 chr8:015965525-015965466

LEP A 24 P397817 4.23E-05 2.37E-04 7.09E-22 2.03E-01 NM 000230 chr7:127897079-127897138
ADIPOQ A 23 P369237 7.79E-01 9.61E-01 1.87E-21 7.81E-01 NM 004797 chr3:186575311-186575370

Fig. 3. Scatter plots of three genes

Fig. 4. Venn plots for survival-related and stages-related genes

TABLE II
RESULTS OF TOP 10 GENES ORDERED BY TWO-VARIATE PT TEST

Gene PFDA PHotelling PNT PPT Class
FXYD1 7.17E-06 4.58E-05 5.11E-30 2.51E-01 A
ZNF425 7.64E-05 4.27E-04 3.96E-02 4.52E-04 A
IRF2 8.15E-05 4.54E-04 4.75E-04 4.28E-04 A
ANG 1.21E-04 6.56E-04 2.00E-12 2.64E-02 A
SGSH 6.17E-05 3.49E-04 1.90E-01 6.90E-05 B
EIF3J 7.78E-05 4.34E-04 1.39E-02 2.29E-02 B

MARCH2 6.47E-06 4.15E-04 1.92E-04 2.80E-05 C
PCYOX1L 1.12E-04 6.12E-04 1.22E-03 1.87E-02 C
UROD 1.28E-04 6.94E-04 4.56E-06 7.57E-04 C
C5orf22 1.29E-04 6.97E-04 9.36E-07 1.41E-03 C

We also collected 20 overall survival-related genes as bench-

markers for the evaluation and related results were shown in

Table III. Among them, nine genes can be identified by at

least one of four methods including PT test, Logrank test and

two implementations of two-variate PT test (α = 0.05). For
calculation of P value of Logrank test, we dichotomized the
expression profiles of those genes into binary values according

to their mean value. Five out of the nine genes can be

identified by FDA-based two-variate PT test including gene

TP53, TIMP2, KLF5, VDR and FOXP3. The FDA-based two-

variate PT test can detect biomarkers that are detected by the

Hotelling test. Both PT test and FDA-based two-variate PT

test can detect gene ITGB1 and MTDH while Logrank test

cannot. Furthermore, gene ERBB2 and CRP cannot be detected
by both PT test and FDA-based two-variate PT test while

the Logrank test can. The reason might be that Logrank test

focuses on the difference of survival time distribution between

the high-expression group and low-expression group while

both two-variate PT test and PT test focus on the difference

of expression profiles of one gene on good-survival and poor-

survival group. In a word, the FDA-based two-variate PT test

is more powerful for detection of survival-related biomarkers

in breast cancer.

Finally, we also intend to show the role of tumor-adjacent

normal data played in two-variate PT test. Top 30 genes

ordered by P values of two-variate PT test were chosen, and
the heatmap of tumor data and projection values of them

was offered in Fig.5. The top panel shows projection values

of 30 genes and the bottom panel shows the tumor data.

The difference between the two groups is more distinct after

projection, and the projection values are more helpful for

detection of phenotypic genes.

C. Pathologic stage in breast cancer

The pathologic stage is a crucial phenotype for cancers.

With the development of pathologic stage, the survival out-

comes of patients are poorer and poorer [30]. As shown in

Fig.4(B), the genes which are detected by other three methods

can also be detected by the FDA-based two-variate PT test.

D. Tumor size in breast cancer

There are limited researches on the relationship between

genes and tumor size in breast cancer. While the tumor size

is associated with the survival rate in breast cancer [2]. In
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TABLE III
RESULTS OF 20 SURVIVAL-RELATED BIOBIOMARKERS

Gene Symbol Description PFDA PHotelling PNT PPT PLogrank Ref
TP53 Tumor Protein P53 4.16E-03 1.70E-02 3.64E-01 3.70E-01 4.95E-01 [7]
ITGB1 Integrin Subunit Beta 1 1.40E-02 5.00E-02 2.58E-04 3.14E-02 7.50E-02 [40]
TIMP2 TIMP Metallopeptidase Inhibitor 2 2.11E-02 7.15E-02 2.93E-03 9.29E-01 9.39E-01 [18]
KLF5 Kruppel Like Factor 5 2.20E-02 7.40E-02 1.78E-05 5.04E-01 9.75E-01 [35]
MTDH Metadherin 2.65E-02 8.70E-02 3.52E-07 2.87E-02 9.49E-01 [13]
VDR Vitamin D Receptor 3.72E-02 1.16E-01 6.72E-03 3.54E-01 9.78E-01 [5]

FOXP3 Forkhead Box P3 4.36E-02 1.33E-01 7.89E-11 1.11E-01 3.42E-01 [17]
BCL2 BCL2 Apoptosis Regulator 6.21E-02 1.78E-01 1.27E-04 5.95E-01 9.53E-01 [29]
PARP1 Poly(ADP-Ribose) Polymerase 1 8.99E-02 2.40E-01 2.66E-20 2.42E-01 4.31E-01 [28]
EPCAM Epithelial Cell Adhesion Molecule 1.31E-01 3.22E-01 1.34E-13 7.25E-01 4.85E-01 [8]
EGFR Epidermal Growth Factor Receptor 1.07E-01 2.75E-01 1.00E-02 4.79E-01 7.08E-01 [20]
PTGS2 Prostaglandin-Endoperoxide Synthase 2 1.08E-01 2.77E-01 1.85E-08 2.27E-01 3.02E-01 [3]
ERBB2 Erb-B2 Receptor Tyrosine Kinase 2 2.56E-01 5.27E-01 2.89E-03 9.35E-01 2.36E-02 [31]
HERC5 Hect Domain And RLD 5 2.69E-01 5.46E-01 3.42E-01 5.46E-01 1.13E-01 [12]
GLI1 GLI Family Zinc Finger 1 2.88E-01 5.71E-01 5.24E-02 3.10E-01 4.04E-01 [34]
CRP C-Reactive Protein 3.03E-01 5.90E-01 7.12E-01 3.82E-01 7.58E-03 [25]
ESR1 Estrogen Receptor 1 3.89E-01 6.93E-01 1.33E-04 4.19E-01 9.39E-01 [23]
CTSD Cathepsin D 4.35E-01 7.40E-01 5.07E-08 4.97E-01 2.69E-01 [33]
HDAC6 Histone Deacetylase 6 4.85E-01 7.85E-01 2.62E-03 5.68E-01 5.37E-01 [42]
AR Androgen Receptor 5.48E-01 8.36E-01 1.92E-04 6.36E-01 6.00E-01 [10]

Fig. 5. Heatmap of top 30 genes

this section, we apply the FDA-based two-variate PT test to

identify tumor size-related genes. In the dataset GSE70951,

there are two cohorts from two different platforms including

GPL4133 and GPL13607. For the cohort with GPL4133, the

sample size is 46 as one sample has no tumor size data

while the sample size is 143 for the other cohort in which

five samples have missing value. We remove all probes with

missing values. The number of detected genes on GPL4133 is

86 and 175 for GPL13607 by two-variate PT test (α = 0.01).
Only gene TCTEX1D2 can be identified on two platforms

(PGPL4133
FDA = 1.90E-03 and PGPL13607

FDA = 9.99E-03) and we
consider to be a potential biomarker about tumor size.

V. CONCLUDING REMARKS

We applied the two-variate PT test for detection of phe-

notypic biomarkers in clinical investigation on breast cancer.

Different from traditional methods, tumor-adjacent normal

data or non-treatment data are also taken into consideration,

resulting in higher detection power. Applied on the expression

profiles of breast cancer, we observed a high detection power

and reliability. Also, it is shown that the tumor-adjacent normal

data does help to detect phenotypic biomarkers, and that

the FDA-based implementation is more powerful than the

Hotelling test. Finally, we found that the gene TCTEX1D2
is associated with tumor size of breast cancer.
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