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A B S T R A C T   

Although thalidomide is highly teratogenic, it has been prescribed for treating multiple myeloma and Hansen’s 
disease. However, its mechanism of action is not fully understood. Here, we employed a reverse transcription 
quantitative PCR array to measure the expression of 84 genes in human induced pluripotent stem cells (hiPSCs) 
and their mesodermal differentiation. Thalidomide altered the expression of undifferentiated marker genes in 
both cell types. Thalidomide affected more genes in the mesoderm than in the hiPSCs. Ectoderm genes were 
upregulated but mesendoderm genes were downregulated by thalidomide during mesoderm induction, sug-
gesting that thalidomide altered mesoderm differentiation. We found that FABP7 (fatty acid binding protein 7) 
was dramatically downregulated in the hiPSCs. FABP is related to retinoic acid, which is important signaling for 
limb formation. Moreover, thalidomide altered the expression of the genes involved in TGF-β signaling, limb 
formation, and multiple myeloma, which are related to thalidomide-induced malformations and medication. In 
summary, iPSCs can serve as useful tools to elucidate the mechanisms underlying thalidomide malformations in 
vitro.   

1. Introduction 

Although thalidomide functioned as an excellent sedative, its use was 
discontinued in the 1960s because it is highly teratogenic [1–4]. 
Recently, thalidomide has been prescribed for treating multiple 
myeloma and Hansen’s disease [5,6]. Thus, thalidomide is an old but 
new medicine. 

The primary target of thalidomide was identified as cereblon (CRBN) 
in 2010 [7]. However, the mechanism underlying its teratogenic effects 
remains unclear even after more than 50 years [8]. This is largely 
because thalidomide teratogenicity is not observed in experimental 
mammals, such as mice, but is only observed in other vertebrates, such 
as chicks and fish [9,10]. Recently, to test thalidomide teratogenicity in 
humans, many groups have used human embryonic stem cells (hESCs) 
and induced pluripotent stem cells (hiPSCs), both of which have char-
acteristics similar to those of epiblasts that give rise to the fetus [11–17]. 

Previously, we showed that thalidomide increased apoptosis in 

undifferentiated hiPSCs and early mesoderm [15,16]. Because the 
epiblast gives rise to the fetus and mesoderm give rise to bones and 
muscles, and given that thalidomide causes mild effects in the entire 
body and severe malformation in the limbs, hiPSCs could function as 
good in vitro models for studying the teratogenic effects of thalidomide. 

In this study, we employed a reverse transcription quantitative po-
lymerase chain reaction (RT-qPCR) array to study the expression of 84 
genes (Supplementary Table 1), including pluripotent stem cell markers 
and early differentiation markers in hiPSCs and during the mesodermal 
differentiation of hiPSCs (Supplementary Table 1), to identify candidate 
genes responsible for thalidomide teratogenicity. 

2. Materials and methods 

2.1. hiPSC culture 

The hiPSC cell line, 201B7 [18], was obtained from the RIKEN BRC 
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Cell Bank (HPS0063, Tsukuba, Japan) via the National Bio-Resource 
Project for the Ministry of Education, Culture, Sports, Science, and 
Technology, Japan. hiPSCs were maintained as previously described 
[16,19,20]. Briefly, cells were maintained in knockout serum replace-
ment (KSR)-based medium and cultured for at least two passages (0.5 
U/mL dispase, Thermo Fisher Scientific, Waltham, Massachusetts, U.S.) 
under serum- and feeder-free conditions in the maintenance medium 
(hESF9a medium, Supplementary Table 2) containing 5 μM 
Rho-associated coil kinase inhibitor (ROCK inhibitor, Y-27632, FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan) in 2 μg/cm2 

fibronectin (from bovine blood plasma; Sigma-Aldrich, St. Louis, MO, 
USA) coated dishes [16,19,20]. 

2.2. Thalidomide treatment 

Undifferentiated hiPSCs were dissociated into single cells by incu-
bation in 0.02% (w/w) ethylenediaminetetraacetic acid (EDTA-4Na, 
FUJIFILM Wako) prepared in calcium- and magnesium-free phosphate- 
buffered saline (PBS) and were then re-plated at a density of 1 × 104 

cells/cm2 (for undifferentiated cells) and 5 × 103 cells/cm2 (for meso-
dermal differentiation) on 2 μg/cm2 fibronectin-coated dishes in 

maintenance medium containing 5 μM Y-27632 (day-1). For undiffer-
entiated hiPSCs, the medium was replaced with maintenance medium 
containing 5 μM thalidomide (+/-Thalidomide, 200–15131, FUJIFILM 
Wako) prepared in 0.1% dimethyl sulfoxide (DMSO) at day 0 (24 h after 
re-plating, Fig. 1A). Cells were harvested on day 4. For the mesoderm 
condition, the medium was replaced with hESF6 medium (Supplemen-
tary Table 2) containing 50 ng/mL activin, 3 μM CHIR99021 (R&D 
Systems, Minneapolis, MN), and Y-27632 at day 0 (24 h after re-plating, 
Fig. 2A). CHIR99021 was removed on day 1 and Y-27632 was removed 
on day 3, and cells were treated with thalidomide prepared in 0.1% 
dimethyl sulfoxide (DMSO) on day 0. Cells were harvested on day 5. 

2.3. RT-qPCR array analysis 

RNA was extracted from the harvested cells using the RNeasy Mini 
Kit (74104, Qiagen, Hilden, Germany) and cDNA was synthesized using 
the RT2 First Strand Kit (330401, Qiagen). A mixture of cDNA and RT2 

SYBR Green ROX qPCR Mastermix (330404, Qiagen) was added to the 
RT2 Profiler PCR Array Human Induced Pluripotent Stem Cells (PAHS- 
092ZE-4, Qiagen), which was placed in a 7900HT Fast Real-Time PCR 
machine (Applied Biosystems, CA, USA). An online analysis tool 

Fig. 1. Effects of thalidomide on undifferentiated 
hiPSCs. A: Schematic of the experimental design. RI: 
Y-27632, hESF9a: Supplementary Table 2. BC: Genes 
upregulated (B) and downregulated (C) more than 
two-fold in response to thalidomide treatment. The 
circles show each experimental value, and the column 
shows the mean value. DE: Ratio of the numbers of 
upregulated genes, unchanged genes, and down-
regulated genes. D: Ratio of undifferentiated marker 
genes (data) compared to the hypothetical ratio with 
no gene changed (unchanged) and the hypothetical 
ratio with equal up- and downregulation (equally 
changed). E: Ratio of endoderm and ectoderm dif-
ferentiation markers. The numbers in the bar repre-
sent the number of genes. *P < 0.05, and ns > 0.05 by 
Fisher’s exact test.   
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(https://www.qiagen.com/jp/shop/genes-and-pathways/data-analysis 
-center-overview-page/) was used for data analysis. Changes in gene 
expression levels were determined by comparing the normalized 
expression levels in cells treated with thalidomide with those in the 
control cells. 

The RT-qPCR array targeted 84 genes, including 45 hiPSC genes, 16 
ESC genes, four endoderm genes, six mesoderm genes, nine ectoderm 
(including neural stem cell) genes, and others (Supplementary Table 1). 

2.4. Statistical analysis 

Fisher’s exact test (3 × 3 or 3 × 2 contingency table, two-tailed) was 
performed using R (http://www.R-project.org/). The three numbers 

shown in parentheses in each Fisher’s exact test indicate the number of 
upregulated genes, the number of genes without change, and the num-
ber of downregulated genes. 

3. Results 

3.1. Effects of thalidomide on undifferentiated hiPSCs 

We previously reported that thalidomide induced apoptosis in un-
differentiated hiPSCs; however, the expression of SSEA-4, an undiffer-
entiated cell marker, and SSEA-1, an early differentiation marker, did 
not appear to change based on immunofluorescence analysis [15]. 
Therefore, we used an RT-qPCR array to comprehensively determine the 

Fig. 2. Effects of thalidomide on mesoderm differentiation. A: Schematic of the experimental design. RI: Y-27632, hESF9a and hESF6: Supplementary Table 2. BC: 
Genes upregulated (B) and downregulated (C) more than two-fold in response to thalidomide treatment. The circles show each experimental value, and the column 
shows the mean value. DE: Ratio of the numbers of upregulated genes, unchanged genes, and downregulated genes. D: Ratio of undifferentiated marker genes (data) 
compared to the hypothetical ratio with no gene changed (unchanged) and the hypothetical ratio with equal up- and downregulation (equally changed). E: Ratio of 
mesendoderm and ectoderm differentiation markers. The numbers in the bar represent the number of genes. *P < 0.05, and ns > 0.05 by Fisher’s exact test. 
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changes in gene expression patterns induced by thalidomide in undif-
ferentiated hiPSCs (Fig. 1A). 

First, we focused on the effects of thalidomide on the expression of 
61 undifferentiated marker genes (45 hiPSC markers and 16 hESC- 
related genes). Thalidomide upregulated five genes (AICDA, BMP, 
LEFTY1, LEFTY2, and TBX3) and downregulated one gene (ACTC1) 
(Table 1, Fig. 1B and C). The ratio of regulated genes, genes without 
change, and downregulated genes (5, 55, 1) was significantly different 
from the hypothetical ratio without change (0, 61, 0) (Fig. 1D, Fisher’s 
exact test, P = 0.027). However, the ratio (5, 55, 1) was not significantly 
different from the hypothetical ratio with equal up- and downregulation 
(3, 55, 3) (Fig. 1D, Fisher’s exact test, P = 0.581). These results suggest 
that although thalidomide affects undifferentiated hiPSCs, it might not 
facilitate or inhibit the undifferentiated state. Notably, three trans-
forming growth factor β (TGF-β) genes (BMP2, LEFTY1, and LEFTY2), 
which are related to mesoderm differentiation, including limb forma-
tion, were upregulated (Fig. 1B). 

We then focused on whether thalidomide affected spontaneous dif-
ferentiation. With respect to marker genes of the three germ layers, 
although the expression of one of four endoderm genes (SOX17) was 
upregulated (1, 3, 0) and that of one of the eight ectoderm marker genes 
(FABP7) was downregulated (0, 7, 1), there was no significant difference 
between the ratios (Fig. 1E, Fisher’s exact test, P = 0.58), suggesting that 
thalidomide did not induce endodermal differentiation nor did it sup-
press ectodermal differentiation. Surprisingly, FABP7 was dramatically 
(average of approximately 300-fold) downregulated by thalidomide 
(Fig. 1C). FABP7 is a member of the fatty acid binding protein family and 
is primarily expressed in the brain and is involved in neural develop-
ment [21,22]. FABP7 was downregulated 40-600-fold in three experi-
ments, suggesting that thalidomide strongly inhibits FABP7 expression 
in undifferentiated hiPSCs. 

3.2. Effects of thalidomide on mesodermal differentiation 

Next, we focused on the effects of thalidomide on mesodermal dif-
ferentiation, which is responsible for the development of limbs. Given 
that the most common symptom of thalidomide teratogenicity is limb 
deformation, thalidomide may also affect mesodermal differentiation. 
We previously reported that, in response to thalidomide treatment, the 
number of apoptotic and dead mesoderm cells induced from hiPSCs 
increased on day 2, but the number of dead cells decreased on day 5, 
suggesting that mesoderm cells were damaged by thalidomide [16]. 
However, immunocytochemical analysis did not indicate any change in 
the expression of early mesoderm marker genes [16]. To gain further 
insights into the function of thalidomide, we performed a comprehen-
sive gene expression analysis (Fig. 2A). 

More than twice the number of genes were changed in mesoderm 
differentiation (21 genes) than in undifferentiated condition (8 genes), 
suggesting that mesoderm differentiation was more strongly affected by 
thalidomide compared to the undifferentiated state (Table 1). In both 
conditions, ACTC1 and AICDA were upregulated and downregulated, 
respectively; however, LEFTY2 and SOX17 were oppositely regulated 
between the undifferentiated and mesoderm differentiation conditions 
(Table 1). 

With respect to the effects of thalidomide on the expression of 61 
undifferentiated marker genes, four genes (AICDA, MYC, RUNX2, and 
OTX2) were upregulated (Fig. 2B) and six genes (ACTC1, FOXD3, 
LEFTY2, NR5A2, PODXL, and FGF4) were downregulated (Fig. 2C, 
Table 1). The ratio of upregulated genes, genes without change, and 
downregulated genes (4, 51, 6) were significantly different from the 
hypothetical ratio with no genes changed (0, 61, 0) (Fig. 2D, Fisher’s 
exact test P = 0.005). However, the ratio was not significantly different 
from the hypothetical ratio with equal up- and downregulation (5, 51, 5) 
(Fig. 2D, Fisher’s exact test, P = 1). These results suggest that although 
thalidomide affected the expression of undifferentiated marker genes 
during mesoderm differentiation, it might not be involved in the escape 

Table 1 
List of genes whose expression altered more than two-fold by thalidomide 
treatment.  

Gene hiPSC mesoderm marker Descriptions and 
[References] 

ACTC1 down down ES/iPSCs Actin alpha cardiac 
muscle 1. Sarcomere 
gene 

AICDA up up ES/iPSCs 
(reprogramming- 
related) 

Activation-induced 
cytidine deaminase. 
Genes associated with 
DNA demethylation 

BMP2 up  ES/iPSCs Bone morphogenetic 
protein-2 encodes a TGF- 
β super family 
morphogen. Related to 
limb growth [38]. 

CD34  down mesoderm (blood 
stem cells) 

Protein localized to 
hematopoietic progenitor 
cells and stem cells 

CDH1  down E-cadherin and 
keratinocyte 

Intercellular adhesion 
factor. Association of E- 
cadherin expression 

EMX2  up ectoderm (neural 
stem cells) 

Encodes empty spiracles 
homolog 2, which is 
associated with neural 
differentiation and cell 
proliferation in the brain, 
and limb formation [39] 

FABP7 down up ectoderm (neural 
stem cells) 

Encodes fatty acid 
binding protein 7, which 
localizes in the brain and 
is involved in neural 
development [21,22]. 

FGF4  down ES/iPSCs 
(pluripotency 
markers) 

Encodes fibroblast 
growth factor 4, which 
plays various roles in 
development, including 
limb bud development 
[38] 

FOXA2  down endoderm Encodes forkhead box A2 
FOXD3  down ES/iPSCs 

(pluripotency 
markers) 

Encodes forkhead box 
protein D3, which acts as 
a transcriptional 
repressor. 

GJB2  up keratinocytes 
(CX26) 

Encode the gap junction 
structural component 
connexin 26 (GJB2), 
which is a component of 
gap junctions and is 
related to hearing loss 
[42,47,48] 

HAND1  down mesoderm essential gene for 
cardiovascular 
development and is 
involved in mammalian 
heart chamber formation 
[41]. 

HNF4A  down mesoderm Hepatocyte nuclear 
factor 4, alpha 

LEFTY1 up  ES/iPSCs 
(pluripotency 
markers) 

TGF-β super family 
related genes that 
determine the left-right 
asymmetry of the body 

LEFTY2 up down ES/iPSCs 
(pluripotency 
markers) 

TGF-β super family 
related genes that 
determine the left-right 
asymmetry of the body 

MYC  up ES/iPSCs 
(reprogramming 
factors) 

oncogene. MYC can 
induce DNA breaks in 
vivo and in vitro, 
independent of reactive 
oxygen species. 

NR5A2  down ES/iPSCs 
(reprogramming 
factors) 

Encodes nuclear receptor 
subfamily 5, group A, 
member 2, which is 
responsible for 

(continued on next page) 
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from the undifferentiated state. 
The effects of thalidomide on the three germ-layer marker genes 

were markedly different. Among the mesoderm and endoderm marker 
genes, although no genes were upregulated, four of the six mesodermal 
marker genes (CD34, HAND1, HNF4A, and RUNX1) were downregulated 
(0, 2, 4) (Fig. 2B), and twoof the four endodermal marker genes (FOXA2, 
and SOX17) were downregulated (0, 2, 2) (Fig. 2C). In contrast, although 
three of the eight ectodermal marker genes (TUBB3, EMX2, and FABP7) 
were upregulated (Fig. 2B), no ectodermal marker gene was down-
regulated (3, 5, 0) (Fig. 2C). Differentiation into the mesendoderm, the 
early stage of both the mesoderm and endoderm, and the ectoderm 
occurs with exclusivity; although mesendoderm differentiation is 
induced upon the activation of TGF-β and Wnt signals, ectoderm dif-
ferentiation is induced upon the suppression of these signals (Fig. 3) [16, 
23–25]. Statistical analysis revealed significantly different gene 
expression results between the mesendoderm (0, 4, 6) and ectoderm (3, 
5, 0) (Fig. 2E, Fisher’s exact test, P = 0.0072). Thus, these results suggest 
that thalidomide slightly altered mesendoderm differentiation toward 
ectoderm by modulating TGF-β and Wnt signals (Fig. 3). 

4. Discussion 

In the present study, we identified changes in gene expression in 
undifferentiated hiPSCs and during mesodermal differentiation of 
hiPSCs. In both conditions, although thalidomide treatment altered 
undifferentiated marker gene expression, it might not be involved in the 
escape from the undifferentiated state, which is consistent with the fact 
that thalidomide does not induce severe effects on embryos during the 
implantation period [26]. The effects of thalidomide are more promi-
nent during mesoderm differentiation than in the undifferentiated state. 
In addition, ectoderm genes were upregulated, but mesendoderm genes 
were downregulated in mesodermal differentiation, in response to 
thalidomide (Fig. 3). Thus, our results do not contradict the previous 
reports on thalidomide-induced malformations. 

We found that FABP7 was markedly downregulated in undifferenti-
ated conditions and was upregulated during mesoderm differentiation 

(Fig. 3). FABPs are a family of proteins associated with intracellular fatty 
acid transport that regulate lipid metabolism, signal transduction, and 
gene expression, and FABP7 is particularly abundant in neurons [21,22]. 
Although there are no reports of a direct relationship between thalido-
mide and FABP7, there are many reports connecting them. FABPs are 
reported to be related to multiple myeloma, which is the main target of 
thalidomide as a medication [27]. FABPs crosstalk with peroxisome 
proliferator activated receptor (PPAR) and retinoic acid X receptor 
(RXR) to regulate retinoic acid (RA) signaling [28,29]. RA signaling 
regulates the development of many organs and tissues, including the 
body axis, spinal cord, heart, and limbs [30]. RA specifies the proximal 
region of the limb bud during development [31,32]. Moreover, RA is 
also known to directly activate SALL4 expression [33], which is a 
thalidomide-dependent neosubstrate in the CRBN pathway that may be 
involved in thalidomide embryopathy [34–36]. CRBN, which forms an 
E3 ubiquitin ligase complex, is the primary target of thalidomide [7]. 
Thalidomide has also been reported to inhibit hiPSC mesendoderm 
differentiation by modulating the CRBN-dependent degradation of 
SALL4 [17]. Thus, it is possible that FABP7 is related to 
thalidomide-induced limb malformations via RA and SALL4. 

We also found that thalidomide alters the expression of many genes 
that might be related to thalidomide-induced malformations. The 
expression of TGF-β related genes (BMP2, Lefty1, and Lefty2) was 
altered, although BMP2, Lefty1, and Lefty2 were upregulated in undif-
ferentiated conditions and Lefty2 was downregulated in the mesoderm. 
This difference may be due to the difference in TGF-β action on different 
cell types. For example, although a low dose (<10 ng/mL) of activin (a 
member of the TGF-β super family, whose action is related to the other 
TGF-β, such as BMP and Lefty) maintains the undifferentiated state of 
hiPSCs, a high dose of activin (>50 ng/mL) induces endodermal dif-
ferentiation [20]. Thalidomide has been reported to induce the forma-
tion of limb deformities by perturbing the Bmp/Dkk1/Wnt signaling 
pathway in studies using chick and human embryonic fibroblasts [37]. 
Furthermore, thalidomide treatment altered the expression of BMP2, 
FGF-4, and EMX-2, which are related to limb formation [38–40]. In 
addition, thalidomide treatment during mesoderm differentiation 
altered the expression of HAND1, which is indispensable for heart for-
mation, and GJB2 mutations, which cause hearing loss [41,42]. 
Thalidomide is also known to affect the heart and ear. Moreover, we 
found that the expression of BMP2, CD34, EMX2, MYC, and RUNX2, 
which are related to multiple myeloma, a disease medicinally targeted 
by thalidomide [43–46]—was altered. These results suggest that these 
genes might be related to thalidomide-induced malformations and its 
mechanism of action as a medication. 

Table 1 (continued ) 

Gene hiPSC mesoderm marker Descriptions and 
[References] 

transcriptional activation 
of OCT3/4. 

OTX2  up ES/iPSCs Encodes orthodenticle 
Homeobox 2, a marker 
gene for ectoderm and 
neural differentiation. 

PODXL  down ES/iPSCs 
(pluripotency 
markers) 

Encodes podocalyxin-like 
1, which is related to cell 
adhesion. 

RUNX1  down mesoderm Encodes Runt-related 
transcription factor 1 

RUNX2  up ES/iPSC Runt-related 
transcription factor 2 
related to osteoblast 
differentiation. 

SOX17 up down endoderm Encodes sex-determining 
region Y-box 17 (SOX17). 

TBX3 up  ES/iPSCs (ESC 
related) 

Encodes T-box 
transcription factor 
TBX3, which is essential 
for embryonic 
development and is 
involved in heart and 
angiogenesis. 

TUBB3  up ectoderm Encodes tubulin beta 3 
class III (TUB-β3), which 
is used for microtubule 
formation and is a neural 
differentiation marker. 

up: upregulated genes, down: downregulated genes. 

Fig. 3. Schematic representation of the results. The thickness of the black ar-
rows reflects the strength of the effects. The thick orange and blue arrows 
represent differentiation direction. The thin orange arrows represent activating 
signals, and thin blue blunt-ended lines represent inhibitory signals. The type of 
cells is shown in parentheses. . (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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In this study, we used hiPSCs, which are model cells that do not exist 
in vivo. Thus, the gene expression patterns that we observed were not the 
same as those observed during human embryogenesis. However, it has 
been reported that undifferentiated pluripotent stem cells can be used to 
predict the outcomes during the later stages of development [14]. Thus, 
although we used hiPSCs, it remains possible that our results are also 
relevant to thalidomide-induced malformations. 
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