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Estimation of Metabolic Effects of Cadmium Exposure
during Pregnancy by Tensor Decomposition

YUkt AMAKURA

Abstract:

1,a)
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studies have shown that exposure to cadmium during maternal pregnancy disrupts insulin metabolism in the unborn
child. The purpose of this study is to estimate the genes actually affecting by the data obtained in this report using
tensor decomposition and to speculate on the possible mechanisms of insulin metabolism disruption by these genes.
By identifying genes with high expression levels, we were able to speculate on a pathway in which the effects of
endoplasmic reticulum stress induced by cadmium might somehow promote increased expression of TNF-«, and the
effects of intracellular oxidative stress via TNF-a-induced ceramide accumulation might lead to phosphorylation of
IRS1, which plays an important role in insulin signaling. We hypothesized a pathway in which insulin resistance is

acquired by phosphorylation of a protein, IRS1.

1. Introduction

Cadmium is a non-essential trace metal element in cells?.
However, when excessive amounts of cadmium are taken into
the body due to cadmium inoculation by food or cadmium
exposure, cadmium accumulates in the cells. Because
cadmium is an electrophilic metal, it has a negative effect
One of

the most prominent effects is inhibition of protein folding.

by acting on protein molecules in the cell”.

In order for a protein to fully perform its function, it is
important that its three-dimensional structure is maintained
properly, and unfolding proteins accumulate in the endoplasmic
reticulum, which is responsible for folding proteins. The
accumulation of this unfolding protein is known to cause
endoplasmic reticulum stress, and excessive stress induces
endoplasmic reticulum-associated degradation (ERAD). When
ERAD is induced, unfolding proteins are degraded by the
ubiquitin proteasome system. In other words, accumulated
unfolding proteins undergo ubiquitination, making them targets
for degradation by the proteasome, and as degradation proceeds,
endoplasmic reticulum stress is relieved. =~ However, when
the stress accumulates beyond the stress avoidance capacity
of ERAD, cells induce apoptosis. =~ ERAD also promotes
ATP-dependent responses. In addition, insulin signaling is
initiated by the binding of insulin to the insulin receptor (IR) on
the cell membrane, which ultimately moves GLUT4 to the cell
membrane, thereby bringing glucose into the cell. The glucose
taken up by the body is used by the glycolytic system in the cell
to produce ATP. When insulin signaling is inhibited, symptoms

such as elevated blood sugar levels are seen, which is also the
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cause of type 2 diabetes.

We already know about the effects of cadmium on cells, but
we do not know the specific mechanism of how this effect on
cells affects insulin signaling.

In the analysis of the present data, we will identify the genes
involved in this phenomenon and infer the specific mechanism
from these genes.

2. Dataset used in the anlysis

2.1 Preparation of the data set

”GSE150679”*! was downloaded from Gene Expression
Omniubus (GEO), a database provided by the National Center
for Biotechnology Information (NCBI), USA.

This dataset contains the presence or absence of maternal
exposure to cadmium, the sex of the offspring mice, the biological
replicates for each of these conditions, and the gene expression
levels of the offspring mice under these conditions. This data set
also consists of three Exel files, each consisting of data from day
1 (PND1), day 21 (PND21), and day 42 (PND42) after birth.

2.2 Data Processing

The data were formatted into tensors for use in tensor analysis.
First, sex differences were omitted from this analysis because
there were not enough data from conditionally differentiated
littermates to formulate a tensor (This is because only the PND42
file has conditional distinctions for gender, and these distinctions
were not enough to form a tensor with the PND1 and PND21
data.).

Next, for the biological replicates, since the number of
individuals under the same conditions differed among the three
files, three data sets of individuals under the same conditions

*I https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150679
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were selected for analysis.Specifically, the columns of the Exel
file were rearranged in the following order. The order is clearly
indicated by the sample ID.
PNDI1 . GSM4556351 GSM4556352 GSM4556353
GSM4556347 GSM4556348 GSM4556349
PND21: GSM4556358 GSM4556359 GSM4556360
GSM4556355 GSM4556356 GSM4556357
PND42: GSM4556365 GSM4556366 GSM4556367
GSM4556361 GSM4556362 GSM4556363
The number of genes whose gene expression levels were
commonly obtained in the three files was 12795, so the analysis
was focused on these genes (Only PND42 contained data on the
expression levels of more genes than the other two.).

2.3 Tensor used in the analysis
2.3.1 First dimension of the tensor:Gene
As described above, 12795 genes were analyzed.

2.3.2 The second dimension of tensor: Biological Replicates
As described above, we selected three data sets of individuals
under the same conditions.

2.3.3 Third dimension of tensor: days old (time lapse)
The order of birth was 1 day, 21 days, and 42 days, which was
the third dimension of the tensor.

2.3.4 Fourth dimension of tensor: presence of maternal
cadmium exposure
We analyzed whether there is a difference in gene expression
in the offspring depending on maternal exposure to cadmium.

2.3.5 Rank of the tensor

We have created a fourth-order tensor x; ;; with these variables,
and the parameters representing the rank of the matrix in each
dimension are(N,M,K,L) = (12795,3,3,2).

3. How to analysis

3.1 Unsupervised learning using tensor decomposition

In this analysis, we use the Tucker decomposition among
the tensor decompositions, and Higher Order Singular Value
Decomposition (HOSVD?) is used as the algorithm.

As an example, there is a third-order tensor x;; with ranks
N, M, and K in each dimension (The tensor treated in this
analysis is a fourth-order tensor, but it is easy to extend the Tucker
decomposition from a third-order tensor to a fourth-order tensor.).
The Tucker decomposition can then be performed on this tensor,
using the orthogonal matrix U, and decomposed as follows

N <M K
Xije = 2y 2py 2y, G, b, ) wyy g, jupg

The Tucker decomposition decomposes the original data
tensor into the core tensor G(/1,/,,/3) and three singular value
matrices, uy,;, Uy, j, Ui These are the matrices that represent the
dependencies on variables i, j, and k, respectively.

Suppose we want to find a variable k with a large value
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in matrix u;; that is of interest for the purpose of analysis.
The first step is to select the parameters ;" and ;" that follow
some dependency of interest in u;,; and u, ;, respectively (For
example, if i is a variable that represents time variation, it
would be preferable that the vector u;,; for the chosen /,” be a
straightforward vector such as monotonic increase or decrease.).

Next, substitute the selected /;” and L’ into the core tensor
G(l1,1,13). Since each element of the core tensor represents a
weight for the product of each vector specified by the parameter
(l1, b, 13), the parameter /3 that has a large absolute value in the
resulting vector G(I;’, ', [3"), which has a large absolute value in
the vector G(I,’, ', 13") thus obtained, has a large contribution to
the original tensor.Based on this idea, we choose /5’.

Next, we obtain the vector u;/, by substituting /3" into uy,.
This vector follows the dependency of the chosen parameters
Ii’, ' and has a large contribution to the original tensor.

3.2 Variable selection by y-square test

Finally, y-square test is performed using the normalized
version of this vector to find the k with a particularly large value
among the elements of the obtained vector u;,x, and a P-value is
assigned.

Pk = Dy2 [ > Y (%)2]

The above objective is achieved by applying further multiple
comparison correction to it to obtain k with a p-value less than
0.05.

4. Result

4.1 Identification of genes with large expression levels

When we decompose the fourth-order tensor used in this
analysis in R by HOSVD, we obtain a list of Z that contains the
elements of the core tensor and a list of U that contains the four
singular value matrices.

The tensor used is as described above, where subscript i is
the gene, j is the biological replicate, k is the time course,
and [ is the variable for the presence or absence of maternal
exposure to cadmium. Since the purpose of this analysis is to
identify which gene i has a large expression level due to the
effect of cadmium exposure, if we can find a parameter /; in
the matrix u;,; that is dependent on cadmium exposure, invariant
to biological replicates, and somehow time-dependent. If we
can find a parameter /; in the matrix u;,; that is equivalent to
the dependence on cadmium exposure, invariance to biological
replicates, and some time dependence, we can assign that /; to u,;
to obtain the gene i of interest.To do this, we start by selecting 1,
l3, and 14.

First, we took uy, ; from object U. We chose /; = 1 because it is
a biological replicate, that is, the smaller the individual difference
under the same conditions, the better (Fig. 1).
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Fig. 1: Uy,;

Next, we took out the u;x. We chose I3 = 2, which follows
a monotonic decrease, because extracting a time dependence
that follows a monotonic increase or decrease leads to a better
interpretation of whether the expression level is increasing or
decreasing as days pass from birth (Fig. 2).
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Next, we took out u;,;. Since the purpose of this study is to
identify genes that are differentially expressed in the presence or
absence of cadmium exposure, /4 = 2 was selected (Fig. 3).
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Fig. 3: U/41

Now since we have selected [, = 1, I3 = 2, and I4 = 2, we
are ready to identify genes that have small individual differences
under the same conditions, that differ with respect to maternal
exposure to cadmium, and that are expressed in decreasing
amounts over time.

Next, by taking the list of objects Z and specifying G(/;, 1,2, 2)
and parameters in the core tensor G, a vector of length 12795
is obtained. The element specified by /;, which has a large
absolute value on this vector, follows the dependency specified
by the parameters I, = 1, 3 = 2, I = 2, and has a large
contribution to the original tensor. Due to the dimensionality
of the original tensor, the 19th and subsequent elements on the
vector G(I;, 1,2,2) were very small, so the values of the elements
from 1 to 18 are shown in Fig. 4. We chose /; = 3,11, 14 with
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large absolute values as the values of /; to be assigned to u,;.
These were substituted into u;,; to obtain the three vectors.

G(11,1,2,2)

__I_-_.-_l--ll--_

-20 0 20

Fig. 4: G(11,1,2,2)

To identify genes with particularly large expression levels, we
assume that uz;, ujy;, and uy4; independently follow a normal
distribution, and assign P-values by the y-square test. Using these
three vectors, execute the p.adjust command.

In addition, the P-value given above for each gene i is corrected
for multiple comparisons using the p.adjust function, and then
the i whose P-value is less than 0.05 is selected. The final result
is that the gene i chosen here follows the dependency of interest
and is a gene with a very large expression level. In this analysis,
204 genes were selected from 12795 genes.

4.2 Checking the ontology with gProfiler

“gProfiler” *2

is a web tool developed by the Estonian research
group Bioinformatics, Algorithmics and Data Mining Group
(BIIT). Enrichment analysis was performed on the 204 genes
obtained in the analysis, and the following ontologies were hit

as shown in the table below.

Database | Term Name Term ID P-Value
KEGG Metabolic pathway KEGGO01100 1.661E-6
KEGG Activation of platelets KEGG04611 2.294E-2
REAC Lipid metabolism R-HSA-556833 | 1.107E-2
GO BP Tonic transport GO0006811 2.741E-8
GO BP Cell adhesion GO0007155 4.702E-6
GO BP Intracellular signaling G0O0035556 4.207E-6
GO BP Cellular protein modification process | GO0036211 5.519E-9
GO BP Regulation of gene expression GO0010468 1.241E-8
GO BP RNA metabolism G00016070 9.895E-11
GO CC Mitochondria GO0005739 1.990E-4
GO CC Endoplasmic reticulum GO0005783 1.990E-3
2 https://biit.cs.ut.ee/gprofiler/
3
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5. Discussion

5.1 Functions of the identified gene

The purpose of this study was to estimate the pathway by which
insulin signaling is inhibited. To do so, we first checked whether
the genes involved in ERAD are highly expressed.

As mentioned above, during ERAD development, protein
degradation is promoted by the ubiquitin-proteasome system.
Among the genes obtained were UBE2E3 with E2 ubiquitin
ligase activity, AMFR with E3 ubiquitin ligase activity®,
and others with ubiquitin ligase activity such as E4F1% and
TRIM32%. There was also COMMDO9, a regulator of these

activities9”.  Genes involved in the proteasome included

PSMC2, which encodes a subunit of the 26s proteasome®,
and PSMEI1, which is part of the proteasome activator
PA28”. This high expression of multiple genes involved in
the ubiquitin-proteasome system may be responsible for the
development of ERAD.

The genes involved in NF-«B, which plays a central role in the
immune response, were TBK1, which indirectly interacts with
NF-«B'9, CARDI11, which is an activator!, and COMMD?Y,
which is a negative regulator'?, suggesting that NF-«<B may be
highly expressed. It is activated by the cytokine TNF-a, and
since high expression of NFAM1, which encodes a receptor that
activates the promoter of TNF-a!?, was observed, it is possible
that TNF-« is also highly expressed. Studies have shown that
there is a positive correlation between TNF-a expression and
the development of ERAD'®, and the results of this study also
suggest this positive correlation. Given that ERAD proceeds in
an ATP-dependent manner, we checked to see whether any genes
that upregulate ATP production were highly expressed, and found
ATP5G1, which encodes a subunit of the enzyme that catalyzes
ATP production.

The genes involved in the electron-transfer system were
NDUFAF7, which is involved in stabilizing the assembly
of electron-transfer complex enzymes'®, and ETFBKMT,
which may negatively regulate electron-transfer system
function'®. DLAT, which plays a role in linking the
electron-transfer system to the glycolytic system!”, was
also highly expressed.Metabolites of glycolysis and fatty acid
metabolism are sent to the electron transport system to promote
ATP production in mitochondria. =~ The genes involved in
fatty acid metabolism were GPIHBPI1, which promotes fatty
acid degradation'®, and PPARA, which encodes a growth
factor-activated receptor for peroxisomes'?, the site of fatty acid
metabolism. The high expression of genes related to glycolysis
and fatty acid metabolism may well be due to the activation of
the electron-transfer system, considering that these metabolites
are passed on to the electron-transfer system. Activation of
the electron-transfer system directly leads to activation of ATP
production.

In addition, SPTLC229 and SAMD82Y, which are involved in
the biosynthesis of sphingolipids, were highly expressed. This
suggests that sphingolipids may be over-synthesized in the cell.
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5.2 Inference of the mechanism of insulin metabolism
inhibition from the obtained genes

The mother’s exposure to cadmium causes the fetus to be
exposed to cadmium as well?®. Excessive cellular uptake of
cadmium causes inhibition of protein folding, and this leads
to the development of ERAD. The high expression of genes
related to the ubiquitin-proteasome system and genes related to
glycolytic, fatty acid metabolism, and electron transfer systems
in this analysis can be considered to promote ATP synthesis,
which may support the development of ERAD. The positive
correlation between the expression levels of ERAD and TNF-a,
and the high expression of genes related to TNF-a and NF-«B,
suggest that TNF-a may be over-secreted in the cells. TNF-«
is known to activate ASMase (oxidized sphingomyelinase), and
In this
analysis, high expression of genes involved in the production of

ASMase promotes the production of sphingolipids.

sphingolipids was also observed, suggesting that accumulation of
sphingolipids may be occurring. Accumulation of ceramide, a
type of sphingolipid, is known to lead to overproduction of ROS
(Reactive Oxygen Spicies). In addition, ROS is produced in the
reaction process of the electron transfer system. The effect of
oxidative stress by ROS activates ASK1%3. Among the genes that
were found to be highly expressed in this analysis was PISD. It
also plays a role in the activation of ASK1. ASK1 activates JNK,
and JNK inactivates it by phosphorylating 307 serine residues of
IRS1, which are essential in insulin signaling. Thus, a pathway
for the acquisition of insulin resistance due to the effects of
oxidative stress via TNF-a-induced ceramide accumulation can
be inferred from the results of this analysis. However, we
could not speculate on the mechanism of the positive correlation
between ERAD and high expression of TNF-« from this analysis.

In addition to the genes mentioned above, there were also hits
for ontologies such as “regulation of gene expression” and "RNA
metabolism” as shown in the table. This suggests that some
kind of change in gene expression is occurring, but the specific
mechanism could not be inferred in this study.

We also found a number of genes related to apoptosis, which is
a last resort for stress avoidance in ERAD development, but it is
unclear how apoptosis is actually related to the pathway of insulin
resistance acquisition, which we speculated in this study.

Future work will focus on understanding how these factors are
involved, and in particular, what causes and influences changes in
gene expression.
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