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ABSTRACT — 5-Fluorocytosine (5-FC) is an antimycotic and teratogenic compound. Oral adminis-
tration of 5-FC to pregnant rats on gestation days (GD) 9 and 13 was shown to induce thoracolumbar 
supernumerary ribs (TSR, 14th rib) and abnormal digits, respectively, in fetuses. This study investigated 
the effects of 5-FC on homeobox genes, which control the anterior-posterior-axis. 5-FC (75 mg/kg) was 
administered orally on GD9 and GD13, and tissues collected from cranial and caudal regions of TSR sites 
were analyzed. Following 5-FC administration on GD9, the levels of expression of Hoxa10, which deter-
mine the position of the thoracic and lumbar vertebrae, were decreased at GD13. Analysis of hindlimbs 
6 hours after administration on GD13 showed decreases in expression of Hoxa11, Hoxd12, and Hoxd13, 
the Hox genes responsible for limb formation from the proximal to distal, and from the anterior to poste-
rior directions. The present findings showed that altered expression of Hox genes contributes to 5-FC ter-
atogenicity.
 
Key words: 5-FC (Flucytosine), Homeobox, Thoracolumbar supernumerary rib, Digital malformation

 

INTRODUCTION

5-FC (5-fluorocytosine, flucytosine) is an orally admin-
istered agent used to treat deep-seated mycoses, includ-
ing fungemia, fungal meningitis, and fungal respiratory 
infection. 5-FC is selectively taken up by fungal cells and 
deaminated to fluorouracil (5-FU), which inhibits nucleic 
acid synthesis in fungi by inhibiting the synthesis of DNA 
precursors (Polak and Scholer, 1975). 5-FC has sever-
al relatively minor side effects, such as nausea, vomiting 
and diarrhea, as well as more severe side effects, includ-
ing hepatotoxicity and bone marrow depression (Diasio 

et al., 1978; Vermes et al., 2000). Although its effects in 
pregnancy have been assessed by reproductive and devel-
opmental toxicity tests (Takeuchi et al., 1976), its toxico-
logical mechanisms are not yet fully understood.

A previous study investigating the origin of thoraco-
lumbar supernumerary ribs (TSR, 14th rib) in rats showed 
that oral administration of 75 mg/kg 5-FC to pregnant rats 
on gestation day (GD) 9 induced TSR (Kuwagata et al., 
2018a). Furthermore, oral administration of 5-FC to preg-
nant rats on GD13 induced the formation of abnormal 
digits. To clarify the mechanisms by which 5-FC induces 
skeletal abnormalities, this study focused on Homeobox 
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(Hox) genes.
Hox genes share a common region, called the Hox 

domain and consisting of a 180-base pair DNA sequence 
encoding 60 amino acids. In many vertebrates such as 
humans and rodents, Hox genes consist of four paralog 
clusters (a, b, c, d) on different chromosomes. Each clus-
ter consists of 13 genes, although some are defective, 
resulting in a total of 39 intact Hox genes. Hox genes play 
important roles in determining the position of limb seg-
ments and in the process of limb formation, with the ana-
tomical structure of limbs determined by the timing and 
position of terminal expression of Hox genes (Hunt and 
Krumlauf, 1992; Burke et al., 1995). That is, the forma-
tion of bones from the cranium to the cervical spine; the 
thoracic, lumbar, and sacral vertebrae; and the limbs from 
the proximal to the distal direction is determined by the 
expression of the relevant number of Hox genes. Changes 
in expression of Hox genes can result in abnormal skele-
tal structure, with TSR and limb malformation regarded 
as associated with abnormal expression of Hox genes at 
these sites (Wellik and Capecci, 2003; Chen and Capecchi,  
1999; Guerreiro et al., 2012).

This study was designed to determine the embryon-
ic stage and area of expression of ribs by assessing the 
expression of Sox9 (SRY (sex determining region Y)-
box 9), which is expressed in mesenchymal cells and is 
required for cartilage formation (Bi et al., 1999), by whole 
mount-in situ hybridization (ISH). The cranial (anteri-
or) and caudal (posterior) regions of the TSR expression 
site were separated, and the expression of each Hox gene 
associated with TSR formation was analyzed. Specifi-
cally, 5-FC was administered orally to pregnant rats on 
GD9, and Hox9 and Hox10 expression was assessed in 
their fetuses. In addition, 5-FC was administered orally 
to pregnant rats on GD13; the hind limbs of their fetuses 
were dissected; and the expression in dissected hind limbs 
of Hox11-13, genes associated with the development of 
digits, was analyzed.

MATERIALS AND METHODS

Animal treatment and 5-FC administration
Pregnant SLC:SD rats were obtained from SLC Japan, 

Inc. (Shizuoka, Japan) and housed individually in an envi-
ronmentally controlled animal room. Chow (CE-2, CLEA 
Japan Inc., Tokyo, Japan) and drinking water were pro-
vided ad libitum. The day on which sperm were observed 
was designated as GD0. Fetuses were obtained from two 
untreated dams each on GD9.5, 10.5, 11.5, 12.5, and 
13.5 (19:00-21:00) for whole mount ISH. The number of 
somites in each fetus was counted under a stereoscopic 

microscope (Fig. 1).
Other dams were orally administered 75 mg/kg of 

5-FC (Tokyo Chemical Industry, Tokyo, Japan), suspend-
ed in 0.5% methyl cellulose solution, on GD9 (07:00) or 
GD13 (08:00), followed by caesarean section on GD13.5 
(14:00-15:00). Control groups consisted of dams admin-
istered vehicle. Some of the fetuses were used for whole 
mount ISH and quantitative real-time PCR. All animal 
experimental protocols conformed to the Guide for the 
Care and Use of Laboratory Animals of Hatano Research 
Institute, Food and Drug Safety Center.

Whole mount ISH
Whole mount ISH was performed as described 

(Motoyama et al., 1998; Shibata et al., 2003), using non-
radioactive digoxigenin-labeled RNA probes for Sox9. 
The templates for transcription of RNA probes were pre-
pared by PCR amplification of Sox9 (NM_011448) mouse 
cDNA obtained from OriGene Technologies Inc. The 
Sox9 forward primer, 5’-ACAGACTCACATCTCTC-
CTAATGCT-3’, contained a T7 sequence at its 5’ end, 
and the Sox9 reverse primer, 5’-CATGTAAGTGAAG-
GTGGAGTAGAGC-3’, contained a T3 sequence at its 5’ 
end; these primers amplified an 820 bp DNA sequence. 
PCR reactions were performed using PrimeSTAR GXL 
DNA Polymerase (Takarabio, Shiga, Japan). The digox-
igenin-labelled antisense and sense RNA probes were 
synthesized using the DIG RNA Labeling Kit (SP6/T7) 
and T3 polymerase (Roche Diagnostics, Mannheim,  
Germany). Because the PCR products, excluding the T3/
T7 nucleotide sequences, have greater than 94% nucle-
otide sequence homology to rat cDNA, the antisense 
probes bound with high affinity to rat Sox9 mRNA. In 
addition, sense probes were useful as negative controls.

Fig. 1.  Fetal growth curve. Relationship between number 
of somites and gestational days in untreated rats  
(n = 16-36).
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Quantitative real-time PCR
Fetuses were immersed in RNA later (Thermo  

Fisher, Waltham, MA, USA) and stored at -30°C.  
Thoracic and lumbar regions of fetuses whose dams (4-5 
per group) were administered 5-FC on GD9 were collect-
ed under a stereoscopic microscope, as were hind limbs 
of fetuses whose dams (14-15 per group) were adminis-
tered 5-FC on GD13. The boundary between the thorac-
ic and lumbar regions was based on the results of Sox9 
expression.

Total RNA was extracted from each tissue sample 
using Isogen (Nippon Gene, Tokyo, Japan), and the qual-
ity of each sample was determined from the ratio of opti-
cal density at 260 and 280 nm. The concentration of each 
total RNA sample was adjusted, and reverse transcrip-
tion was performed using a SuperScript IV First-Strand  
Synthesis System (Thermo Fisher). The cDNAs were 
amplified using Power SYBR Green Master Mix (Thermo 
Fisher) on a real-time PCR system (ABI 7500; Thermo  
Fisher). The Hoxa9 primers were 5’-aggaagagtac-
cgaggcaag-3’ (forward) and 5’-taaatcactccgcacgctat-3’ 
(reverse), amplifying a 159 bp fragment, and the Hoxa10 
primers were 5’-aggactccctgggcaattc-3’ (forward) and 
5’-gtaagggcagcgtttcttcc-3’ (reverse), amplifying a frag-
ment of 83 bp (Huang et al., 2007). Hox11–13 primers 
were designed using Primer Express software (Thermo 
Fisher), based on the sequence information in GenBank. 
The Hoxa11 primers were 5’-gtttttcgagacggcttacg-3’ (for-
ward) and 5’-ttctcggcgttcttgtcc-3’ (reverse), amplify-
ing a 75 bp sequence; the Hoxd12 primers were 5’-ttctct-
cagccgtacttgacc-3’ (forward) and 5’-gtcttcgggtccgtctttg-3’ 
(reverse), amplifying a 75 bp fragment; the Hoxa13 prim-
ers were 5’-ccaaatgtactgccccaaag-3’ (forward) and 5’-tct-
gaaggatgggagacgac-3’ (reverse), amplifying an 84 bp 
sequence; and the Hoxd13 primers were 5’-gcagaacgctct-
caagtcgt-3’ (forward) and 5’-gttggtcggtacgctgct-3’ 
(reverse), amplifying a 103 bp fragment. The expres-
sion of each gene was normalized to that of ActB, which 
was amplified using the primers 5’-ctggctcctagcaccat-
ga-3’ (forward) and 3’-tagagccaccaatccacaca-5’ (reverse), 
yielding a 76 bp fragment. All primers were synthe-
sized by Invitrogen Custom Primers Services (Thermo  
Fisher). The amplification conditions consisted of an 
initial denaturation at 95°C for 15 min, followed by 40 
cycles of denaturation at 94°C for 10 sec, annealing at 
60°C for 25 sec and extension at 72°C for 30 sec.

Statistical analysis
The mean litter was regarded as a statistical unit. Data 

are expressed as mean ± S.D. and differences were ana-
lyzed by Student’s t-test (parametric data) or the Aspin-

Welch t-test (non-parametric data). A p-value less than 
5% was considered statistically significant.

RESULTS

Effect of 5-FC on fetal survival rates
The numbers of implantations and live embryos on 

GD13.5 are shown in Table 1. There was no difference in 
the numbers of implantations or live embryos.

Expression of Sox9 and the locations for 
dissection

Fetuses of untreated rats were dissected daily on 
GD9.5, 10.5, 11.5, 12.5, and 13.5, and the numbers of 
somites of all fetuses were counted under a stereoscop-
ic microscope. The number of somites increased in pro-
portion to gestational days (Fig. 1). Whole mount ISH 
followed by staining for Sox9 showed clear cartilage on 
GD13.5 (Fig. 2).

Generation of thoracolumbar supernumerary 
ribs by 5-FC administration on GD9

To address the mechanisms by which 5-FC admin-
istration on GD9 induces TSR, the levels of expression 
of Hoxa9 and Hoxa10 and their ratios were compared in 
control and 5-FC treated rats, and in the thoracic (crani-
al) and lumbar (caudal) regions. The levels of expression 
of Hoxa9 and Hoxa10 were higher in the lumbar than 
in the thoracic regions of both control and 5-FC treat-
ed rats, with the levels of both, especially Hoxa10, being 
lower in the fetuses of 5-FC treated than control rats  
(Fig. 3A, 3C). The ratio of expression of Hoxa10 in the 
lumbar relative to the thoracic regions was significantly 
higher in the fetuses of 5-FC treated rats than of control rats  
(Fig. 3D), whereas the ratio of expression of Hoxa9 in the 
lumbar relative to the thoracic regions was similar in the 
two groups of fetuses (Fig. 3B).

Induction of limb dysmorphology by 5-FC 
administration on GD13

Dissection of the hind limbs showed that the levels of 
all Hox genes examined (Hoxa11, Hoxd12, Hoxa13, and 
Hoxd13) were lower in fetuses of rats administered 5-FC 
than in control fetuses (Fig. 4).

DISCUSSION

Skeletal anomalies, including defects in the skull, ver-
tebrae, ribs, and limbs, are generally irreversible. Individ-
uals with TSR (14th rib) are thought to have fewer clin-
ical problems than those with other skeletal anomalies. 
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However, the mechanism underlying TSR occurrence 
remains unclear, interfering with risk assessment fol-
lowing the administration of toxic agents (Chernoff and  
Rogers, 2004). TSRs that interfere with bodily func-
tions are removed surgically in humans. Their incidence 
in humans is 3-7% (Nakajima et al., 2014), whereas their 
incidence among animals differs according to species 
and strains. For example, the rates of full and short TSR 
were 1.10% and 8.45%, respectively, in Sprague Dawley 
(SD) rats, but 2.97% and 49.93%, respectively, in Wistar  
Hannover (Wistar Han) rats (Kuwagata et al., 2018b), 
similar to previous findings (Aoyama et al., 2002;  
Noritake et al., 2013; Ema et al., 2014).

We have reported that TSR (both short and full length) 
was induced in rat fetuses by single oral administration of 
75 mg/kg 5-FC on GD9, without affecting maternal clini-
cal signs, reproductive performance such as the number of 
implants, or fetal development (Kuwagata et al., 2018a). 

5-FC-induced skeletal anomalies were dependent on date 
of administration, with TSR induced by a single dose of 
25 or 35 mg/kg 5-FC on day 11 of pregnancy (Fujii et al., 
2019).

To determine the mechanism by which 5-FC induc-
es TSR in this animal model, we analyzed the expression 
of Hox genes. Cleavage position and analysis times were 
determined by whole mount ISH of Sox9, a transcription 
factor of the SRY family that regulates sex determination, 
cartilage development and many other developmental 
events. During the fetal period, Sox9 is expressed in mes-
enchymal cells and regulates the expression of the type 
II collagen gene, which encodes a major developmen-
tally regulated protein of cartilage (Healy et al., 1999;  
Hattori et al., 2010). The generation of rib bone cartilage 
is followed by calcification of the costal cartilage, with 
the region positive for Sox9 expression indicating prema-
ture ribs. The position of somites on whole mount ISH 

Table 1.   Survival rates on GD13.5 of fetuses exposed to 5-FC on GD9 or GD13.

Groups Administration on GD9 Administration on GD13
Control 5-FC Control 5-FC

Number of dams 8 15 8 11
Number of implantation sites
     Total 111 202 90 155
     Mean ± S.D. per dam 13.9 ± 2.0 13.5 ± 1.7 11.3 ± 3.4 12.9 ± 1.5
Live fetuses
     Total 102 171 86 128
     Mean ± S.D. per dam 10.2 ± 5.7 10.7 ± 3.4 10.8 ± 3.3 10.7 ± 2.6

Fig. 2.  Expression of Sox9 and locations of dissection. Expression of Sox9 on GD9.5-13.5 in fetuses of untreated rats. The frames 
show two areas of dissection. The bars indicate 1 mm. The numbers represent the number of somites.
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was consistent with that determined by Alcian blue-stain-
ing (Dunwoodie et al., 2002).

After determining the thoracic-lumbar boundary area 
based on Sox9 expression, we dissected out the cranial 
and caudal regions of the expected sites of TSR expres-
sion in fetuses of dams administered 5-FC on GD9, and 
assessed Hoxa9 and Hoxa10 expression in these dissect-
ed tissues. Hox genes play important roles in determining 
somite position and limb formation, with gene structure 
determined by the timing of expression and positioning. 
Hox9 genes are expressed from the thoracic vertebra to 
the posterior (Chen and Capecchi, 1997, 1999), where-
as Hox10 genes are expressed posterior to the bound-
ary between the thoracic and lumbar vertebrae and are 
involved in rib formation (Guerreiro et al., 2012).

We found that expression of both Hoxa9 and Hoxa10 
was significantly higher in lumbar than in thoracic ver-
tebrae. Their expression was lower in fetuses of 5-FC 

treated than of control dams, especially the expression of 
Hoxa10 in the thoracic and lumbar regions. The mecha-
nism by which 5-FC induces TSR was assessed by focus-
ing on the relative expression in the lumbar and thoracic 
regions of each individual. These findings suggested that 
the gradual shift of Hoxa10 expression in boundary areas 
is associated with TSR. We therefore evaluated the ratio 
of Hoxa10 expression in the lumbar relative to the tho-
racic region in individual rats, finding that the expression 
of Hoxa10 was significantly higher in the fetuses of 5-FC 
treated rats than of control rats. Thus, TSRs induced by 
5-FC may arise because the posteriorization of Hoxa10 
expressed as a gradient cannot prevent the vertebrae from 
becoming thoracic at the prescribed position of thoraco-
lumbar boundary area.

Hox genes are important for determining the body seg-
ment and the thoracic vertebrae/lumbar region, as well as 
being vital for the skeletal development of limbs. Animal 

Fig. 3.  Expression of Hoxa9 and Hoxa10 by thoracic and lumbar vertebrae. Expression of Hoxa9 (A) and Hoxa10 (C) in areas 
of thoracic and lumbar vertebrae, as shown in Fig. 2, of control and 5-FC treated rats. Ratio of expression of Hoxa9 (B) 
and Hoxa10 (D) in lumbar areas relative to thoracic areas in control and 5-FC treated rats. n = 6-10 (1-2 fetuses/litter).  
*p < 0.05, ***p < 0.001 by Aspin-Welch t-tests

Vol. 7 No. 2

101

Fetal skeletal malformations and Hox genes by 5-FC administration



limbs grow by extension of the axial skeleton, with lat-
er-acting Hox genes being key to the formation of nor-
mal limbs. In particular, Hox11 is expressed distal to and 
including the radius, Hox12 distal to and including the 
metacarpals, and Hox13 in the digits. Hoxa subtypes are 
responsible for limb formation from the proximal to the 
distal direction, and Hoxd from the anterior to the posteri-
or direction (Johnson and Tabin, 1997).

Thus significant reductions in Hoxa11 and Hoxd13 
expression were observed, along with reductions in 
Hoxa13 and Hoxd12 expression. Hox 11-13 are responsi-
ble for limb formation from the proximal to the distal, and 
from the anterior to the posterior, directions. We also con-
firmed GD20 embryos exposed to 5-FC at GD13 showed 
malformed limbs. The results of the present study suggest 
that altered expression of these Hox genes may cause the 
abnormal development of limbs.

Administration of 5-FC on GD9 resulted in a poste-
rior-shift of Hoxa10 expression, along with the appear-
ance of TSR, suggesting that altered Hoxa10 expression 
in the thoraco-lumbar boundary area is a mechanism of 

TSR formation. Furthermore, administration of 5-FC on 
GD13 resulted in abnormal limb morphology, along with 
altered Hox11-13 gene expression. Taken together, these 
findings indicate that the timing of 5-FC administration 
is associated with particular types of abnormalities, along 
with the disruption of particular Hox genes. TSR and dig-
ital abnormalities may represent a continuum of axis and 
appendicular skeletal abnormalities.

However, the mechanisms underlying TSR occur-
rence following the administration of toxic agents remain 
unclear, preventing the extrapolation of animal findings to 
humans and subsequent human health risk assessment. It 
is also necessary to examine the toxicological meaning in 
animal experiments.
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