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ɓ ʣ - ˍ 
 

ɔ  ʗ 
 

�wp�n�.�n]z�B2)�'ȡ<?>ȅȂǟŲǻʭ(�>	ɉɨÉ,��'p�

n�}igO�K_d̏FMN̐�;0p�n�Ebf�WgO�K_d̏FAD̐,ġƖ�

?�TCATGO��˶Į¨ˈɃ�ɫɢ˓�˓è�Ezi˓¤ʦȷ,ˣ��>ˑɇ-ʎˑɇ

)�'Ǌɪ�>	�+A$��wp�n�.ȅ¯-ǎŒ+ǊɪɐƋ,Ű˿-ǀ̇ɇ(�>	

mcB.�8)�>Ċ�̃.�wp�n�ûſɪBƴ���̄ǻ�<-Ƙõ��ùǋ(�

>	 -ǋ�.÷ÉǶ:ʨʈ-6+<��ŬȃĎȏŴ:ȓ�ȩɌ˰ķ-î˫ĐĮ)+> 1, 2	 

ʅǻ:ǀ̇ɇ-ȅ¯ɷʿˆ.� ?<-¯ÉåŻBƝˏ�>˖ʒ+ˆȮ(�>	ɉɨɷ

.ɫʭ�˖ņ(ǆſ�?'�=�ɫǯŲ-̌�ǻʭ.ìɅƊƢ,;=ɷʿˆ�ùɪ(�>	

�Ƨ(ǗǯŲèûǻ-ȭʉ.đ˵(�=��-;�+ǻʭ.�ɾȕ,c��Xx�],;

=ɷʵʽ�ĭ¡�?>	ǗǯŲ®ÒĮ(�>�wp�n�,ˣ�'9�Ŀɲ,��>āô�

ɯɸ,��>łɉȺÒǚ�;0Ëāô,c��Xx�]�ˣ��>�)BȦċ�>ȡʓ�

ø��<ěă�?'�> 3-8	5"�ɡɸ:ɧș�ɑɷȷ-úɸĎȉƺ-ę̇ɉɨBȇ�"

Ǆʘ,��'9̆ĈŲ-�wp�n�õ=ʷ6�ʡ8<? 9-16��wp�n�-¯ÉåŻ,

c��Xx�]�˖ʒ+ťßBƽ"��).ģǇ+ĵ̋ƃǛ,;=Ȧ�?'�"	Ǽ,�

ɲȺāô.ȅ¯-�wp�n�ųŒŲBɐƋ�>"8,˖ʒ+ȅȂǊɪ)�'Ǝ�<?�

 -ǊǆBʖƭ�>"8,Ɂàȕ,Ǆʘ�+�?'�" 17, 18	 

Ċ�̃(Õ8'-�wp�n�c�

�Xx�]RFVT1̏ SLC52A1; ƫýRFT1̐

. 2008ŕ,üĴ�? 19� -ŧ RFVT2

̏SLC52A2; ü RFT3̐20�;0 RFVT3

̏SLC52A3; ü RFT2̐21 �ěă�?"

̏Table 1 	̐�(9RFVT3.�Ŀɲ,�

�>ȔȀ�¢-RFVT)Ǖʳ�'š� 20�

�wp�n�ɲȺāô,˖ʒ+ťßBƉ

�ùɪŲ�Ɣĺ�?'�>	RFVT3 .�

kOa�E-�wp�n�c��Xx�

] impX22 -ˌ¨ĮˏÔBĚ)�"

Fig. 1.  The chemical structure of riboflavin, FMN and FAD. 
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BLASTǄɈ,;=ƈÑ�üĴ�?" 11ďɷʪˀė-c��Xx�](�> 21	mc,�

�'.�Ŀɲ�ɯɸ�ɁŊ�ɧșȷ-ɋɗ(̌ȔȀ�ʡ8<?> 20	RFVT1) RFVT2.

86.7%-Ezi˓ȝüŲBƴ��Ç,ɉɨĢ Na+˸´İȕ�pH˸´İȕ,�wp�n�B

ʵʽ�>+*˒«�"ǼŲBƴ�>�Ƨ�RFVT3. RFVT1)-Ezi˓ȝüŲ� 42.9%

)®��ɉɨĢ pH´İŲBȦ�+* 2&-c��Xx�])Ȍ+>ǼŮBȦ� 23	�-

Ǉ,�ÀʉȢȱ,;= RFVT3 -ɋɗÒŎ:ǊɪǼŲȷ-Ěȥȕȡʓ.˲Ȱ�?&&�>

9--� -ȅȂȕťß,ˣ�>Ŷě.ȖǸ,ȷ��	 

Ƴʸ�ȔȑǊŚ�ƭ-ȩɌȏŴBrown-Vialetto-Van LaerȅBVVL̐ȑ¸ɛŴɟ,��'

ȝǌ�( RFVT3-ˌ¨ĮġȌ�ěă�?�RFVT3-ǊɪǋƗ�>�.Ǌɪ®��ȏŴ)

ˣ˃�>�)�Ȧċ�?'�> 24-29	BVVL ȑ¸ɛ.�˵ɠ�ȁ̍Ȓ�́˹ɭà�ʂ��

ȸà®��Ćāđ˵ȷ-ȑǽBĂ�>�ŧ�ɿ-ȏŴ(�> 30	RFVT3-ˌ¨Į,ġȌB

ƴ�>BVVLȑ¸ɛŴɟ(.��wp�n�ʈ�ǴŜ-®�:ɫɢ˓¤ʦȌŒ�ʡ8<?

>�)9ěă�?'�> 25	�?<�˃-ȩɌȑǽ:¤ʦȌŒ.��wp�n�Bƅ��

>�),;=ƞČ�ʡ8<?> 24-26	5"�2010ŕ,ěă�?"Qi{�Gdˣ˃ʖƼ,

��'�RFVT3�̄ˇƂŔ�ȗȓ-źöŲŝ­)�'ƈÑ�?"31	�wp�n�ǋ�.�

̄ˇƂŔ�ȗȓ-�XOĐĮ(�>�)�ěă�?'�> 32, 33	ũ%'�RFVT3-Ǌɪ®

�,©%'ȅ¯-�wp�n�ųŒŲ�ȣɒ��ȏŴ-Ȕȑ1)ɖ�>�)�Ɣĺ�?�

Ƹc��Xx�]-ȅȂȕťß-ʖƭ.ȐŻȅȂıȕ,9˖ʒ(�>	 

¥�-ɦư-��ʂɟ. RFVT3 �ȅ¯É,��'Ɖ�ťßBƭ<�)�>�)BȚȕ

)��ǄʘBʉ%"	ȶ Iȴ(.��wp�n�ɲȺāô,��>RFVT3-Ǌɪȕˣ�B

ʝµ��ɲ�ȗɉɨ-˽»ɷ,��'�wp�n�ʵʽBƉ��)Bƭ<�)�"	 

 

Table 1.  Characteristics of human RFVT1, RFVT2 and RFVT323. 
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ȶ IIȴ(.�i`OEHcyHXBȇ�"ʖƼBˀ�'RFVT3- in vivo,��>ťßB

Ɂƿ�"ɍƽ�ȅİ,Ű˿-c��Xx�](�>�)BʓÑ�"	5" RFVT3 �ɧș

,��'�wp�n�-ɧÃȭʉ,ˣ��>�)Bƭ<�)��ǊɪǋƗ,©�ȭʉŲ-

®��ƦȅÃ-�wp�n�ǋ�BŠ�ʮ���)�Ȧ�?"	 

 

¥��ƸȢȱ,;%'Ū<?"ɍƽBʣʺ�>	 
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ȶ�ȴ�  
�wp�n�ɲȺāô,��> RFVT3-ťß 

 

�wp�n�.ȅ¯-ǎŒ+ǊɪɐƋ,Ű˿-ǗǯŲ®ÒĮ(�=�¯É,ûſɌʰB

ƴ�+�Ċ�̃.̄ǻ�<-Ƙõ��ùǋ(�>	ɲȺāô.�wp�n�-ųŒŲBɐ

Ƌ�>"8,˖ʒ+ˆȮ(�=� -Ǌǆ-ʖƭBȚȕ)�"Ǆʘ�Ɂàȕ,+�?'�

" 17, 18	Ŀɲ,��>ǻʭ-āô.�ɲ�ȗɉɨ-Ⱥɰ»ÚĮɕɷ�;0ʈȺ»»śɷ-

�ǒˬ-ɷʿˆˆȮ,;%'Ùū�?'�=��ɾȕ,ǗǯŲèûǻ-ɷʿˆ.c��X

x�],;=č5?'�> 34	²�/�ǗǯŲǀ̇ǻʭ(�>P�R�X.�ÚĮɕɷ,

Ńĕ�>Na+/glucose co-transporter 1̏SGLT1̐,;=ȺɰÉ�<ɲ�ȗɉɨÉ1)õ=ʷ

5?"ŧ�»śɷ,ȔȀ�> facilitated glucose transporter 2̏GLUT2̐,;%'ʈȺÉ1-

ȭʉ�ĭ¡�?> 35, 36	�wp�n�,ˣ�'9�ɲ�ȗɉɨ-�ɷ,��>ʵʽˆȮB

c��Xx�]�Ɖ��)��ì˴ɷĿɨBȇ�"Ǆʘ,;=ĵʜ�?'�" 37-40	 

2008ŕ¥˦,RFVTpDz���üĴ�?���?-ÒĮȯ9Ŀɲ,��'ȔȀ�ʡ8

<?>�)�<��?<��wp�n�-āô,ˣ��>c��Xx�](�>�)�Ʒ

Ŧ�?" 19-21	�(9RFVT3.¢-RFVT,Ǖ�'ȔȀ�̌� 20�5"�wp�n�ǋ�

,;=Ŀɲ,��>ȔȀ��˅�> 41�)+*�<�ɲȺāô,˖ʒ+ťßBƽ"�'�

>ùɪŲ�Ɣĺ�?'�>	����RFVT3�āôˆȮ,Ĺ��>�ÿ�-ĵʜ,.ɻ%

'�+�	 

Ƹȴ(.�ę̇ɉɨ�0,yHXBȇ�"ǄʘBʉ���wp�n�ɲȺāô,��>

RFVT3-Ǌɪȕˣ�BǄʜ�"	 
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ȶ̑Ȼ� T84ɉɨ,��>�wp�n�ʵʽǊɪ-ʖƼ 
 

mcɍɲȓȉƺ�ȗɉɨ(�>T84ɉɨ,��> human (h) RFVT-mRNAȔȀ˘B�

E�]G{ PCRǛ,;=Ĵ˘�"	úc��Xx�]-ȔȀ˘B Table. I-1,Ȧ�	T84

ɉɨ,��'�hRFVT2�;0 hRFVT3-mRNAȔȀ�ʡ8<?"	�Ƨ�hRFVT1,ˣ

�'.ǄÑ˧Ȋ¥�(�%"	 

 ǌ,�T84ɉɨ,��>�wp�n�

ʵʽ-ƧþˋƇŲBǄʘ�"	ģįŲp

F�]��,ƚȯ�"T84ɉɨ-˽»ɷ

»5".»śɷ»,[3H]�wp�n�B

ǧá��ɌƮȕ,Ɍɉɨʵʽ˘Bʝµ�

"	 -ɍƽ�˽»ɷ»�<»śɷ»Ƨ

þ1-�wp�n�Ɍɉɨʵʽ˘.�ʾ

Ƨþ-ʵʽ˘,Ǖ2'̂ʂ,̌�¹BȦ

�"̏ Fig. I-1 	̐�+A$�T84ɉɨ,�

�'�wp�n�.ɲȺāô)Ļű�>

Ƨþ,ˋƇȕ,ʵʽ�?>�)�Ȧ�?

"	 

  

  

 mRNA Expression 
(amol/µg total RNA) 

hRFVT1 N.D. 

hRFVT2 7.17 ± 1.13 

hRFVT3 2.79 ± 0.69 

Total RNA isolated from T84 cells was reverse-transcribed, 
and hRFVT1, hRFVT2 and hRFVT3 expression levels were 
measured by real time PCR.  Each value represents the mean 
± SEM for three wells.  N.D.; not detected. 
 

 
Table I-1.   
mRNA expression levels of hRFVTs in T84 cells.  

Fig. I-1.  Transcellular transport of [3H]riboflavin across the T84 cell monolayers. 
T84 cell monolayers were incubated with 5 nM [3H]riboflavin added to the apical (closed circle, pH 6.0) or the 
basal (open circle, pH 7.4) side at 37˚C.  The radioactivity on the opposite side was measured.  Each point 
represents the mean ± SEM for three wells. 
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T84ɉɨ-˽»ɷ�;0»śɷB¡�"�wp�n�õ=ʷ6-ǴŜ´İŲ,&�'Ǆ

ʘ�")�@�Ç,ĚʭǴŜ-�Ƭ,©%'̆ĈŲBȦ�"̏Figs. I-2A and B 	̐5"�

Eadie-Hofsteer�`c.Ç,�ȝŲBȦ�"̏ inset of Figs. I-2A and B 	̐˽ »ɷ,��>�

wp�n�õ=ʷ6-ʓ��-Km¹�;0Vmax¹.�53.2 ± 21.6 nM�1.8 ± 0.4 pmol/mg 

protein/5 min̏mean ± SEM �̐»śɷ». 126.2 ± 28.3 nM�0.9 ± 0.2 pmol/mg protein/5 min

̏mean ± SEM̐)ȹÑ�?"	¥�-�)�<�T84ɉɨ-�ɷ,��>�wp�n�ʵ

ʽ,c��Xx�]�ˣ��>�)�Ȧ�?"	 

 ˽»ɷ,��>�wp�n�õ=ʷ6.̂ʂ+ɉɨĢ pH´İŲBȦ��˓ Ųƹ¦�,

��'ʵʽǟŲ-�˅�ʡ8<?"̏Fig. I-3A 	̐�-ʵʽ.�ȅȂȕƹ¦Bɞż�"ɉɨ

Ģ˓Ųƹ¦�̏pH 6.0̐,��'ɉɨĢ Na+˸´İȕ(�%"̏Fig. I-3B 	̐ũ%'�T84

ɉɨ-˽»ɷ,��'RFVT3-ǊɪȕǼŮ 20�ʕĺ�?>�)�Öƭ��RFVT3��-

ʵʽBƉ%'�>ùɪŲ�Ɣĺ�?"	ɽąǥ��),�˓Ųƹ¦�).Ļǹȕ,��Ų

ƹ¦�̏ pH 7.4 (̐.Na+˩ñ,;=�wp�n�ʵʽǟŲ�ƴŹ,®��"̏ Fig. I-3C 	̐

»śɷB¡�"�wp�n�ʵʽ.�ɉɨĢ pH,˸´İȕ(�%"̏Fig. I-4A 	̐5"ɉ

ɨĢ Na+˩ñ-Ť˼BǄʘ�")�@�A��+�wp�n�ʵʽǟŲ-®��ʡ8<?

"̏Fig. I-4B 	̐ 

Fig. I-2.  Concentration dependence of [3H]riboflavin uptake from the apical (A) and basal (B) sides of T84 
cells.   
T84 cell monolayers were incubated with varying concentrations of [3H]riboflavin at 37˚C for 5 min, and intracellular 
accumulation of [3H]riboflavin was then measured.  Concentration dependence of riboflavin uptake was fit by the 
combination of the Michaelis-Menten equation and a linear relationship: V = Vmax[S]/(Km + [S]) + Kd[S], where V is the 
transport rate, Vmax is the maximal transport rate, [S] is the concentration of riboflavin, Km is the Michaelis-Menten 
constant and Kd is the diffusion constant.  The dashed line is Kd[S].  Inset: Eadie-Hofstee plot of [3H]riboflavin uptake 
after correction for nonsaturable component.  V, uptake rate (pmol/mg protein/5 min); S, [3H]riboflavin concentration 
(µM).  Each point represents the mean ± SEM for three wells. 
 



 7 

 

 

  

Fig. I-3.  Functional characterization of [3H]riboflavin uptake from the apical side of T84 cells. 
(A) Influence of extracellular pH on [3H]riboflavin uptake from the apical side of T84 cell monolayers.  T84 cell 
monolayers were incubated with 5 nM [3H]riboflavin under various pH values at 37˚C for 5 min, and intracellular 
accumulation of [3H]riboflavin was measured.   Influence of extracellular Na+ on [3H]riboflavin uptake from the apical 
side of T84 cell monolayers at apical pH 6.0 (B) or pH 7.4 (C).  T84 cell monolayers were incubated with Na+-free 
medium containing 5 nM [3H]riboflavin (pH 6.0 or 7.4) at 37˚C for 5 min, and intracellular accumulation of [3H]riboflavin 
was measured.  In the Na+-free medium, Na+ was replaced by choline, NMDG or mannitol.  Each point or column 
represents the mean ± SEM for three wells.  NMDG; N-methyl-D-glucamine.  ***P < 0.001, significantly different from 
control cells. 
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Fig. I-4.  Functional characterization of [3H]riboflavin uptake from the basal side of T84 cells. 
(A) Influence of extracellular pH on [3H]riboflavin uptake from the basal side of T84 cell monolayers.  T84 cell 
monolayers were incubated with 5 nM [3H]riboflavin under various pH values at 37˚C for 5 min, and intracellular 
accumulation of [3H]riboflavin was measured.   (B) Influence of extracellular Na+ on [3H]riboflavin uptake from the 
basal side of T84 cell monolayers.  T84 cell monolayers were incubated with Na+-free medium containing 5 nM 
[3H]riboflavin at 37˚C for 5 min, and intracellular accumulation of [3H]riboflavin was measured.  In the Na+-free 
medium, Na+ was replaced by choline, NMDG or mannitol.  Each point or column represents the mean ± SEM for three 
wells.  NMDG; N-methyl-D-glucamine.  **P < 0.01, ***P < 0.001, significantly different from control cells. 
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ȶ̒Ȼ� RFVT3ˤķʅ-ƒɈ 
 

RFVT3-Ǌɪȕˣ�-ʝµ,Àȳ$�ʕ

ķʅ-üĴBʞ6"	ú hRFVT ÒĮȯB

 ?!?�ˆŲ,ȔȀ��"mcɧÃɯɸ

ȉƺHEK293ɉɨBȇ���wp�n�ʵ

ʽ,Ļ�>ȯ
èûǻ-ˤķäƽBʝµ�

"̏Fig. I-5 	̐ -ɍƽ�1 mM-|_��

q��Çİ�,��'�hRFVT1�hRFVT2

.� ?!?˸ÇİƮ- 68.5 ± 0.9%�81.7 ± 

3.0%̏ mean ± SEM -̐�wp�n�ʵʽɪ

B¶Ƌ�'�"��hRFVT3(. 2.7 ± 0.3%

)ʵʽǟŲ�3)C*Ȥʡ�?+�%"	

 �(�|_��q��- RFVT3 ˤķʅ

)�'-ƴȇŲBɁƿ�"	0.1 µM�< 10 

mM -ǴŜȼĒ(�|_��q��-ú

RFVT ÒĮȯ,ò4�ˤķäƽ-ǴŜ´İ

ŲBʝµ�"̏Figs. I-6B and C 	̐+��

mouse (m) Rfvt2. hRFVT1�0, hRFVT2

-yHXK�\�P(�=�mRfvt1.İĕ

�+�	Table I-2,Ȧ�ˀ=�mc�yH

XK�\�PÇ, RFVT3 -�wp�n�

ʵʽ,Ļ�>|_��q��- IC50¹.�

RFVT1�;0RFVT2,Ļ�>¹- 1/1000

ȮŜ(�%"	¥�;=�|_��q��

�RFVTpDz��-�(�RFVT3BˋƇ

ȕ,ˤķ�Ū>�)BʓÑ�"	¥˦-Ǆ

ʘ(.�RFVT3,��>ˤķäƽ-šŜ�

0,¢-RFVT,ò4�Ť˼Bɞż��|

_��q��-ǴŜB 100 µM,ʛĴ��

RFVT3ˤķʅ)�'ȇ�"	 

Fig. I-5.  Influence of various compounds on the 
[3H]riboflavin uptake by hRFVT1, hRFVT2 and 
hRFVT3.  
HEK293 cells transfected with hRFVT1 (white column), 
hRFVT2 (gray column) or hRFVT3 (black column) were 
incubated in buffer (pH 7.4) containing 5 nM [3H]riboflavin 
in the presence of various compounds at 37˚C for 1 min.   
The specific uptake of [3H]riboflavin by hRFVTs was 
calculated by subtracting the uptake of [3H]riboflavin by 
HEK293 cells transfected with empty vector from the uptake 
by hRFVTs transfected cells.  Each column represents the 
mean ± SEM for three wells.  PAH, p-aminohippuric acid. 
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Fig. I-6.  Effect of methylene blue on [3H]riboflavin uptake by RFVTs.   
(A) The chemical structure of methylene blue.  (B) Concentration dependent inhibition of methylene blue on 
[3H]riboflavin uptake by hRFVTs.  HEK293 cells transfected with hRFVT1 (open circle), hRFVT2 (open triangle) or 
hRFVT3 (closed circle) were incubated with 5 nM [3H]riboflavin in the presence of various concentrations of 
methylene blue at 37˚C for 1 min.  (C) Concentration dependent inhibition of methylene blue on [3H]riboflavin uptake 
by mRfvts.  HEK293 cells transfected with mRfvt2 (open circle) or mRfvt3 (closed circle) were incubated with 10 nM 
[3H]riboflavin in the presence of various concentrations of methylene blue at 37˚C for 1 min.  mRfvt2 is an ortholog of 
both hRFVT1 and hRFVT2.  The specific uptake of [3H]riboflavin by RFVTs was calculated by subtracting the 
uptake of [3H]riboflavin by HEK293 cells transfected with empty vector from the uptake by RFVTs transfected cells.  
Each point represents the mean ± SEM for three wells. 
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    IC50 (µM)  IC50 (µM) 

hRFVT1 5143 ± 1942   

hRFVT2 7303 ± 1945 mRfvt2 8392 ± 1478 

hRFVT3 6.7 ± 1.0 mRfvt3 8.1 ± 1.2 

Each value represents the mean ± SEM of three experiments.  h, human; m, mouse. 

Table I-2.   
IC50 values of methylene blue for [3H]riboflavin uptake by hRFVTs and mRfvts. 
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ȶ̓Ȼ� T84ɉɨ˽»ɷ,��>�wp�n�ʵʽ1- RFVT3-
ˣ� 

 

ȶ̑Ȼ,��'�T84 ɉɨ-˽»ɷB¡�"�wp�n�ʵʽ, RFVT3 -ǊɪȕǼŮ

�ʕĺ�?�RFVT3�˽»ɷ,��>ʵʽBƉ%'�>ùɪŲ�Ȧċ�?"	 �(�ȶ

̒Ȼ,��'RFVT3ˤķʅ)�'ʓÑ�"|_��q��Bȇ�'Ǆʜ�"	T84ɉɨ-

˽»ɷ,��>�wp�n�ʵʽǟŲ.�100 µM|_��q��-ǧá,;=82.5 ± 0.2%

̏mean ± SEM̐-̂ʂ+ǪŀBȦ�"̏Fig. I-7A 	̐�<,�hRFVT3 ,Ļ�> siRNA 

Fig. I-7.  Effects of methylene blue and hRFVT3-siRNAs 
on [3H]riboflavin uptake from the apical side of T84 cells.   
(A) T84 cell monolayers were incubated with 5 nM 
[3H]riboflavin in the presence of 100 µM methylene blue at 
37˚C for 5 min, and intracellular accumulation of [3H]riboflavin 
was measured.  ***P < 0.001, significantly different from 
control cells.  (B) mRNA expression of hRFVT3 in T84 cells 
transfected with negative control siRNA or hRFVT3-siRNAs 
was determined by real time PCR analysis.  (C) T84 cells 
transfected with hRFVT3-siRNA were incubated with 5 nM 
[3H]riboflavin at 37˚C for 5 min, and intracellular accumulation 
of [3H]riboflavin was measured.  Each column represents the 
mean ± SEM for three wells.  * P < 0.05, ***P < 0.001, 
significantly different from negative control siRNA transfected 
cells. 
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̏hRFVT3-siRNA̐Bȇ�'ʝµ�"	hRFVT3-siRNA -ľÄ,;=�T84 ɉɨ,��>

hRFVT3-mRNAȔȀ�ƴŹ,ƄÙ�?'�>�)BȤʡ�"̏ Fig. I-7B 	̐�-ƹ¦�,

��'�˽»ɷB¡�"�wp�n�ʵʽǟŲ.�R�c���)Ǖ�'ƴŹ,®��"

̏Fig. I-7C 	̐ũ%'�RFVT3. T84ɉɨ-˽»ɷ,��'�wp�n�ʵʽBƉ��ʒ

+c��Xx�](�>�)�Ȧ�?"	 

+���ȗɉɨ,��>RFVT3-ɷŃĕBǄʜ�>"8�GFPBʇû��" hRFVT3

̏GFP-hRFVT3̐BǅŲ�ȗɉɨ(�>GgɯȉƺMadin-Darby canine kidney̏ MDCK̐ɉ

ɨ,ľÄ�")�@�˽»ɷ,Ńĕ�"Ĝû,ʡ8<?>Èėȕ+ʆÁ¿BȦ�"̏Fig. 

I-8 	̐�-ɍƽ.�hRFVT3-˽»ɷ,��>ȔȀBʍ£�>9-(�>	 

¥�;=�RFVT3�ɲ�ȗɉɨ-˽»ɷ,ȔȀ���wp�n�ʵʽBƉ%'�>�)

�ƭ<�)+%"	 

 

  

Fig. I-8.  Fluorescence cytochemistry of GFP tagged hRFVT3 (GFP-hRFVT3) transfected 
MDCK cells.   
MDCK cells were transfected with empty vector (pEGFP-C1) or GFP-hRFVT3.  Cells were 
fixed with 2% paraformaldehyde and observed using BIOREVO BZ-9000 fluorescence 
microscope.  The green signal was GFP, the red signal was F-actin, and the blue signal was 
nuclei. 
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ȶ̔Ȼ� T84ɉɨ,��>ĚʭʡʧǼŲ 
 

T84 ɉɨ,��'��wp�n�-ʎˑɇė(�>p�n�}igO�K_d̏FMN̐

�;0p�n�Ebf�WgO�K_d̏FAD̐9�wp�n�)üǇ,ʵʽ�?>�Ǆ

ʘ�"	�wp�n��0,ʎˑɇė-ǆ˂ş.�Fig. 1 ,Ȧ�ˀ=(�>	˽»ɷ»�

<»śɷ»Ƨþ1- FMN�;0 FAD-ɌƮȕ+Ɍ�ȗʵʽ˘.��wp�n�)Ǖ�'

̂ʂ,®�¹BȦ�"̏Fig. I-9 	̐+��hRFVT3 -ĚʭʡʧǼŲB hRFVT3 ˆÞȔȀ

HEK293ɉɨBȇ�'ʝµ�")�@�FMN-ʵʽ.ʕĺ�?"9--� -¹.�wp

�n�-ʵʽǟŲ-Ʉ 1/10ȮŜ(�%"̏ Figs. I-10A and B 	̐5" FAD,ˣ�'.�ɻ ʽ

�ʡ8<?+�%"̏Fig. I-10C 	̐ 

   

Fig. I-9.  Substrate recognition by T84 cells. 
Transepithelial transport of riboflavin, FMN and FAD from the apical to basal side of T84 cell monolayers.  T84 
cell monolayers were incubated with 1 µM of unlabeled riboflavin, FMN or FAD added to the apical side at 37˚C.  
Concentrations of compounds on the basal side were measured by HPLC.  Each point represents the mean ± SEM 
of three wells. 
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Fig. I-10.  Substrate recognition by hRFVT3. 
Uptake of riboflavin (A), FMN (B) or FAD (C) by hRFVT3.  HEK293 cells transfected with empty vector or 
hRFVT3 were incubated with 10 µM riboflavin, FMN or FAD (pH 7.4) at 37°C for 10 min.  Considering the 
endogenous flavins in HEK293 cells, the uptake values were calculated by subtracting the cellular concentration of 
each flavin before treatment from the concentration after treatment.  Each column represents the mean ± SEM of 
three wells.  **P < 0.01, significantly different from vector transfected cells. 
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ȶ̕Ȼ� yHX,��>�wp�n�ɲȺāô1- Rfvt3-ˣ� 
 

ȶ̓Ȼ-Ǆʘ,;=�RFVT3-�wp�n�ɲȺāô,��>ťßB in vitro,��'

ƭ<�)�"	 �(�ȅ¯É,��' RFVT3 �ǊɪȔȀ�'�>�yHXBȇ�'Ǆ

ʜ�"	 

C57BL/6˱ŲyHX-ǣèȺ,��>Rfvt3-mRNAȔȀÒŎB in situ hybridization,

;=Ǆʘ�"	Rfvt3 ,ǼȌȕ+E�_Z�Xr��qBȇ�'ǄÑ�")�@�Ȳɲ�

;0ďɲ,��'VPe��ʡ8<?�5" -šŜ.Ȳɲ,Ǖ�'ďɲ,��'š��

)�Öƭ�"̏Figs. I-11D and E 	̐˪ŲĻǹ)�'Z�Xr��qBȇ�"Ĝû�Ȳɲ�

;0ďɲ,��'ƾʀ.ʡ8<?�̏Figs. I-11I and J �̐VPe��ǼȌȕ(�>�)�Ȥ

ʡ�?"	�Ƨ�Üɥ�ɴɥ�ê�ƌɲ�țɲ�ɍɲ�Ȝɲ,ˣ�'.�Rfvt3 -ȔȀ.

ǐ*ǄÑ�?+�%"̏Figs. I-11A, B, C, F, G and H 	̐ 

In situ hybridization-ɍƽBʱ5�'Ȳɲ�;0ďɲ,ȞȚ���wp�n�ɲȺāô,

��>Rfvt3-Ǌɪȕˣ�B in situ closed loopǛ,;=ʝµ�"	 -ɍƽ�Ȳɲ�;0ď

ɲ,��>�wp�n�ɷʿˆŲ.�Ç, RFVT3 ˤķʅ|_��q��-ǧá,;=ƴ

Ź,®��"̏Figs. I-12A and B 	̐5"�loop Éɲɀɷ�-[3H]�wp�n�ʃȰ˘9ü

Ǉ�Ȳɲ�ďɲÇ,|_��q��Çİ�,��'ƴŹ,®��"̏Figs. I-12C and D 	̐

˪ŲĻǹ)�'ʝµ�"�-|_�-D-P�Ro�iVd-ɷʿˆŲ�0,ɲɀɷ�ʃȰ˘

.�|_��q��,;>Ť˼.ö��̏Figs. I-12E, F, G and H �̐|_��q����w

p�n�ɷʿˆŲ�;0ɲɀɷ�ʃȰ˘,��"Ť˼.�˸ǼȌȕ+äƽ,ʮĐ�>9-

(.+��)�Ȥʡ�?"	 

¥�;=�RFVT3�Ȳɲ�;0ďɲ,��'�wp�n�-ɲȺāô,ˣ��'�>�

)�Ȧċ�?"	 
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Fig. I-11.  mRNA expression profile of Rfvt3 in the mouse gastrointestinal tract. 
mRNA expression of Rfvt3 in the gastrointestinal tract was detected by in situ hybridization using an anti-sense 
probe for Rfvt3.  The blue signals were positive staining for Rfvt3 (indicated by arrows).  Proventriculus (A), 
glandular stomach (B), duodenum (C), jejunum (D), ileum (E), cecum (F), colon (G) and rectum (H).  
Hybridization with a sense probe for Rfvt3 (negative control) in the jejunum (I) and ileum (J).  Scale bar, 100 µm.  

 



 18 

  

Fig. I-12.  Influence of methylene blue on [3H]riboflavin absorption in the mouse small intestine examined by 
the in situ closed loop methods. 
Permeability of [3H]riboflavin in the mouse jejunum (A) and ileum (B) was evaluated.  The accumulation of 
[3H]riboflavin in mouse jejunal (C) and ileal mucosa (D).  As a negative control, the permeability and mucosal 
accumulation of [14C]α-methyl-D-glucopyranoside (α-MG) in the jejunum and ileum were also examined (E-H).  Each 
column represents the mean ± SEM for six mice.  N.S., not significantly; ***P < 0.001, significantly different from 
control. 
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ɞ� ĺ 
 

̄�Ƙõ�?"�wp�n�.�Ŀɲ,��'ɲ�ȗɉɨ-Ⱥɰ»ÚĮɕɷ�;0ʈȺ

»»śɷ- 2ǒˬ-ɷʿˆˆȮBɌ'ʈ�1)õ=ʷ5?��-�ˆȮ.c��Xx�]

,;=ĭ¡�?>�)�ƭ<�)�?'�" 3, 6, 38, 39, 42	���� -ÒĮĵ¯.˞<��

ƭ(�%"	Ƹȴ(.�RFVT3-�wp�n�ɲȺāô1-Ǌɪȕˣ�Bę̇ɉɨ�0,

yHXBȇ�'Ɂƿ�"	mcɍɲȓȉƺ�ȗɉɨ(�>T84ɉɨ 43(.�mc-Ŀɲ)

üȮŜ-RFVT3-mRNAȔȀ 20�ʡ8<?��<,ɲȺāô)Ļű�>�wp�n�ʵ

ʽ-ƧþˋƇŲB¶Ƌ�'�"	ũ%' T84 ɉɨ.��wp�n�ɲȺāô,��>

RFVT3-ťßB in vitro,��'ʝµ�>�(�ĩŢ+}b�ɉɨ(�>)ɞ�<?"	

T84ɉɨ-˽»ɷB¡�"�wp�n�ʵʽ.�RFVT3ˤķʅ(�>|_��q��-ǧ

á�;0 RFVT3,ǼȌȕ+ siRNA-ľÄ,;=ƴŹ,®��"	5"�yHXĿɲÉ,

ƟĽǈʧ�"�wp�n�Bƅ��"Ĝû�Ŀɲɀɷ�ʃȰ˘.|_��q��-ǧá,

;=ƴŹ,®��"	¥�-�)�<�RFVT3�ɲ�ȗɉɨ-ÚĮɕɷ,��>�wp�

n�ʵʽ,Ĺ��'�>�)�Ȧ�?"	�ĵ�RFVT3-ʵʽǼŲ 20, 21.�ĿɲÚĮɕɷ

;=ʢʏ�?"ɷĿɨ,��'ʡ8<?"ǼŲ 37, 39, 44)˒«�'�>	Ƹȴ,��'�Â

Ȏɋɗèıȕ+ʖƼ,;= RFVT3 -ɲ�ȗɉɨ,��>ɷŃĕBǄʜ�>"8�Ɔ

RFVT3Ɔ¯-°ʏBŗŜ,A"%'ʞ6"��ǼȌƆ¯-Ȇȅ,.ɻ<+�%"	RFVT3

. 11ďɷʪˀė-c��Xx�](�= 23��-;�+ģƣďɷʪˀė]�lOʭ,Ļ�

>ǼȌƆ¯-°ʏ.đ˵(�>)ʗA?'�> 45-47	ĵ˯�ÂȎƾʀȷ-ƃǛBȇ�'

RFVTpDz��-]�lOʭŃĕBĵʜ�"ěă.+�?'�+�	 �(�RFVT3-

GFP ʇûR�Xc�OcBǅŲ�ȗɉɨ(�> MDCK ɉɨ,ȔȀ��")�@�˽»ɷ

,��>Ńĕ�ʕĺ�?"	mcɍɲȓȉƺCaco-2ɉɨ,ȔȀ��"Ĝû,��'9üǇ

-ɍƽ�ěă�?'�= 48��?<-�).RFVT3-˽»ɷ,��>ȔȀBʍ£�>9-

(�>	¥�;=�RFVT3.Ŀɲ�ȗɉɨ-ÚĮɕɷ,��'�wp�n�ʵʽBƉ�c

��Xx�]-ÒĮĵ¯(�>�)�Ȧ�?"	 

ɲ�ȗɉɨ,��>�wp�n�ʵʽ- Na+´İŲ,ˣ�'.��?5(,Ȍ+%"ȡ

ʓ�ěă�?'�>	ï$�wp�n�ɲȺāô,Na+´İŲ�ʕĺ�?'�>�Ƨ 3, 37, 38, 

49, 50�ĿɲÚĮɕɷĿɨBȇ�"Ǆʘ,��'Na+˸´İȕ+�wp�n�ʵʽ�ěă�?

'�> 40, 44	T84ɉɨ-˽»ɷ,��>�wp�n�ʵʽ.�ɉɨĢ˓Ųƹ¦�,��'

Na+˸´İŲBȦ��Ƨ��Ųƹ¦�(.Na+˩ñ,;=ʵʽǟŲ-®��ʕĺ�?"	˽
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»ɷB¡�"�wp�n�ʵʽ�˓Ųƹ¦�,��'�˅�>�)Bɞż�>)�Na+-

˩ñ.RFVT3B¡�"�wp�n�ʵʽ,Ļ�'ȜƓŤ˼Bò4�"-(.+��Na+/H+ 

exchangeȑ NHE̐B¡�"r�c�æˏ-ţſ,°ȇ�"ùɪŲ�Ɣĺ�?>	r�c�

Çťė-ur_dc��Xx�] PEPT1 :Ezi˓c��Xx�] proton-coupled amino 

acid transporter 1̏PAT1̐.�NHE�ţſ�"r�c�æˏB̊åà)�'Øȇ�>�)

�ȡ<?'�> 51-53	RFVT3.�?<-c��Xx�])üǇ�˓Ųƹ¦�,��'ʵʽ

ɪ��˅�> 20	ũ%'�ɲ�ȗɉɨ,��> RFVT3 B¡�"�wp�n�ʵʽ9�ˍ

NHE B¡�'ţſ�?"r�c�æˏ,;=ǟŲè�?>ùɪŲ�ɞ�<?� -ɍƽ

Na+´İȕ+ʵʽ�ʡ8<?"9-)Ɣĺ�?>	 

RFVT3.Ȳɲ�;0ďɲ,��'ȔȀ����?-ˍ­,��>�wp�n�āô9|

_��q��,;=ˤķ�?"	ũ%' RFVT3 .Ŀɲ-ŘȼĒ,ÒŎ��ɲȺāô,Ĺ

��'�>�)�Ȧċ�?"	5"�Ŀɲ,��>RFVT3-mRNAȔȀ˘�0,�wp

�n�āôɪ.�Ç,�ˍ,��'̌�¾þBȦ�"	1960ŕ¤,ʉA?"Ǆʘ,��'�

�wp�n�āôɪ.Ŀɲ�ˍ,˧Ń�>�)�Ȧċ�?'�> 6, 54	���+�<�-

ʓʖ.��wp�n�-ɲȺāô�ȲɳƮ)Ǖʳ�'̄ŧ,Ɍ÷ƅ��"Ĝû,�˅�>

�):��wp�n�-ŨƟŲʏÝBƵȇ�"Ĝû,āôǿ�®��>�)�<Ɣĺ�?

"9-(�>	á�'��wp�n�ɲȺāô-ȮŜ.ł��wp�n�ƐǙ˘�<ƔĴ

�?'�>	ũ%'��?<-Ǆʘ.Ŀɲ,��>āôˍ­BȜƓȦ�Ū>9-(.+�

)ɞ�<?>	�ĵ��`cBȇ�"Ǆʘ,��'9Ƹȴ)üǇ,Ȳɲ�;0ďɲ,��

'̆ĈŲ-�wp�n�ʵʽ�ʡ8<?� -ǟŲ.�ˍ,��'̌��)�ěă�?'

�> 49	�<,�mc,��'9Ȳɲ;=ʢʏ�"ÚĮɕɷĿɨ,��>�wp�n�ʵ

ʽ,̆Ĉ�ʡ8<?'�=�Ȳɲ,��'c��Xx�]�ʵʽBĭ¡�>�)�ĵʜ�

?'�> 38	¥�Bɞ�ûA�>)��wp�n�-āôɪ.Ŀɲ-ŘȼĒ,A"%'½

A%'�>�)�5"ɲȺāô,RFVT3�˖ʒ+ťßBƽ"�'�>�)�Ȧċ�?>	 

̄ĉ�-n]z� B2.�, FAD�;0 FMN)�'İĕ�'�> 55	�?<ʎˑɇė

��wp�n�)üǇ,āôBö�>�T84ɉɨBȇ�'Ǆʜ�")�@�˽ »ɷ»�<

»śɷ»Ƨþ1- FMN�;0 FAD-ʵʽǟŲ.��wp�n�)Ǖ�'̂ʂ,®��)

�Öƭ�"	RFVT3-ĚʭʡʧǼŲ,��'9üǇ-¾þ�ʡ8<?"�)�<�T84ɉ

ɨ,��>�-ʵʽǼŲ.�˽»ɷ,��'ʵʽBƉ� RFVT3 -Ěʭʡʧ,ʮĐ�>9

-)Ɣĺ�?>	ĿɲÚĮɕɷʸ¼(. FADo�vXpD]�[�;0 FMNvXpD]

�[�Ǌɪ�'�=��?<�ʎˑɇėB�wp�n�,áǗÒʖ�>�)�ěă�?'
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�> 56	¥�Bɞ�ûA�>)�̄�Ƙõ�?" FAD�;0 FMN.ɲȺÉ,��'�w

p�n�,áǗÒʖ�?� -ŧ,āôBö�>9-)ɞ�<?>	 

ɲ�ȗɉɨ-ÚĮɕɷ,��>�wp�n�ʵʽ.Ɂàȕ,ʖƼ�?'�"�Ƨ(�»

śɷB¡�"ʵʽ,ȞȚ�"Ǆʘ.3)C*+�?'�+�	T84 ɉɨ-»śɷ,��>

�wp�n�ʵʽ.�ɉɨĢ pH ˸´İȕ(�=�5"ɉɨĢ Na+˩ñ-Ť˼.A��(

�%"	üǇ-ʵʽǼŲ.�Ŀɲ»śɷ;=ʢʏ�?"ɷĿɨBȇ�"Ǆʘ,��'9ě

ă�?'�> 39	�?<-�wp�n�ʵʽǼŲ.�RFVT3-v}�P(�> RFVT2-

ǼŲ)˒«�'�> 20	5" RFVT2B Caco-2ɉɨ,šÙȔȀ��"Ĝû�»śɷ,Ńĕ

�>�)�ƭ<�)�?'�> 48	ũ%'�»śɷ,��>�wp�n�ʵʽ. RFVT2

,;%'ĭ¡�?'�>ùɪŲ�Ɣĺ�?>	 

¥��Ƹȴ,��'�RFVT3.ɲ�ȗɉɨ-˽»ɷ,��'Ǌɪ���wp�n�ɲȺ

āô,˖ʒ+ťßBƽ"�c��Xx�](�>�)BʓÑ�"̏Fig. I-13 	̐ 

 

  

Fig. I-13.  Scheme of intestinal riboflavin absorption in the small intestine. 
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ȶ�ȴ�  
ƦȅÃȅİ,��> RFVT3-˖ʒŲ 

 

2010ŕ�Green<.ȩɌȏŴ(�>Brown-Vialetto-Van LaerȅBVVL̐ȑ¸ɛŴɟ,�

�'�RFVT3 ˌ¨Į,ġȌ�ʡ8<?"�)Běă�" 27	 -Ȝŧ�Bosch <,;=

RFVT3 ˌ¨Į,ġȌBƴ�> BVVL ȑ¸ɛŴɟ,��'�ʈ��wp�n�ǴŜ-®�

,á��P�]�˓łȑ:ʈ�EV�L�f_�¹-�Ƭȷ-ɫɢ˓¤ʦȌŒ�ʕĺ�?

>�)�ěă�?" 25	¥˦�ƸȏŴ,��'RFVT3-ġȌBƴ�>ȑ²�ȝǌ�(ěă

�?'�> 24, 26, 28, 57-59	BVVLȑ¸ɛ.ĿÃ,��'Ȕȑ�>²�ģ��˵ɠ�ȁ̍Ȓ�

́˹ɭà�ʂ��ȸà®��Ćāđ˵ȷ-˖Ⱦ+ȑǽB�"���ŧ.ǅ8'ŵ� 30	�

?<�˃-ȩɌȑǽ�;0¤ʦȌŒ.��wp�n�Bƅ��>�),;=ʂä�ʡ8<

?> 24-26, 28, 59	ũ%'�RFVT3-ǊɪǋƗ�>�.Ǌɪ®�,;=ȅ¯É-�wp�n�

�ǋ���¤ʦȌŒ:ȏŴ-Ȕȑ,ɖ�>ùɪŲ�Ɣĺ�?'�>	�-Ǉ,�ȅ¯-ǎ

Œ+ǊɪɐƋ,��> RFVT3 -˖ʒŲ�ɹřěă,;=Ȧċ�?>�Ƨ� -ťßB in 

vivo,��'Ǆʜ�"ěă.ȖǸ(�>	 

ȶ I ȴ,��'�RFVT3 ��wp�n�-ɲȺāô,Ĺ��>�)Bƭ<�)�"	

RFVT3.�Ŀɲ¥Ģ,9ɁŊ�ɯɸ�ɧșȷ,ȔȀ�'�= 20, 21��?<-ɋɗ,��'

9ťßBƽ"�'�>ùɪŲ�ɞ�<?>	ȶ IIȴ(.RFVT3- in vivo,��>ťßB

ƭ<�)�>�)BȚȕ)��Rfvt3i`OEHcyHXBȇ�"ǄʘBʉ%"	 
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ȶ̑Ȼ� Rfvt3i`OEHcyHX-ȅİ�;0Ȕˈ-ʝµ 
 

yHX,��>Rfvt3-ɋɗÒŎB�E�]G{ PCR,;=Ǆʘ�")�@�ɧș�Ŀ

ɲ�ɁŊ�ɯɸ,��'̌ȔȀ�ʡ8<?"̏Fig. II-1 	̐Rfvt3i`OEHcyHX-]�

Q`aF�PtO]�B Fig. II-2A,ēȦ�>	ȝüɋ6Ɩ�,;= 1ȋȚ) 2ȋȚ-JO

\�ˢ-G�c��,W��c�`rˏÔBƍÄ�"ġȌE��(.�Rfvt3 -ʲÌ�ˤ

ķ�?>	Äƃ�" Rfvt3i`OEHcyHX-ÏɍɁĮB C57BL/6˳Ų˗ȅėyHX,

öɁ��Ñȅ�" F1 �¤,��'�ȝüɋ6Ɩ�ˍ­-Ģ»,ɋC#r�Gy�Bȇ�

'Qi{ PCRBʉ%")�@�5’»�3’»Ç,ŷĴ�?"ĥ��-k�dBǄÑ�"̏ Fig. 

II-2B 	̐�?;=�ǎȤ,ȝüɋ6Ɩ��ʉA?'�>�)BȤʡ�"	�<,�Rfvt31

a�i`OEHcyHXüĠB�ˏ��Qi{ PCR Ǜ,;=˗ȅė�sa�ǋƗė

̏Rfvt3+/- �̐v}ǋƗė̏Rfvt3-/-̐-ÑȅBȤʡ�"̏Fig. II-2C 	̐�?<yHX-ɯɸ,

��> Rfvt3-mRNAȔȀ˘B�E�]G{ PCRǛ,;=Ĵ˘�")�@�Rfvt3+/-(.

˗ȅė)Ǖʳ�'ȔȀ˘�ƴŹ,®���5"Rfvt3-/-(.ȔȀ�34ĳÅ,ǣħ�'�"

̏Fig. II-2D 	̐¥�;=�ƸyHX,��>Rfvt3-ǋƗBȤʡ�"	 

 

  

Fig. II-1.  Tissue distribution of mRfvt3 in mice. 
Total RNA isolated from various tissues in mice was reverse-transcribed, and mRfvt3 expression levels were 
measured by real time PCR. 
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Fig. II-2.  Target disruption of Rfvt3.   
(A) Diagrams of Rfvt3 knockout construct.  Exons are indicated by closed boxes.  Primers used for genomic PCR are 
depicted as arrows.  (B) Long range PCR analysis of genomic DNA from mouse tail biopsy samples for confirming 
homologous recombination.  (C) Genotyping by PCR analysis.  (D) mRNA expression of Rfvt3 in wild type (WT), 
Rfvt3+/- and Rfvt3-/-.  Total RNA isolated from the kidney obtained from newborn pups was reverse-transcribed and 
mRNA level of Rfvt3 was determined by real time PCR.  Each column represents the mean ± SD.   ***P < 0.001, 
significantly different from WT. 
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ǌ,�Rfvt3-/--ȅİ�;0ȔˈBʝµ�"	Rfvt3+/-ˢ�ˏ,;=Ñȅ�"ƦȅÃ.�|

�b�Û,ũ%"ˌ¨ĮėÒŎBȦ�"̏Fig. II-3A 	̐����Rfvt3-/--ĥˍÒ�Ñȅŧ

48Ʈˢ¥É,Ǐ��"̏Fig. II-3B 	̐5"�ÑȅŢƪ-Rfvt3-/--¯˖.˗ȅė)Ǖ�'ƴ

Ź,®¹BȦ�"̏Fig. II-3C 	̐�Ƨ�Rfvt3+/-,ˣ�'.ÑȅŢƪ-¯˖.˗ȅė)üȮ

Ŝ(�=�5"ʼʯ�"ȅŧ 20˄ˢ-ƷˢÉ,��'9˗ȅė)-ˢ,ƴŹ+Ō.ʡ8<

?+�%"̏Figs. II-3C and D 	̐¥�;=�Rfvt3�Ñȅŧ-ȅİ,Ű˿-c��Xx�]

(�>�)�Öƭ�"	 

  
Fig. II-3.  Phenotypic analyses of Rfvt3 knockout mice. 
(A) Genotypic distributuion (n=63 from 8 dams).  (B) Kaplan-Meier survival probability curve.  (C) Body 
weights of WT, Rfvt3+/- and Rfvt3-/- littermates at postnatal day 0.  (D) Body weights of WT and Rfvt3+/- 
littermates between 4 to 20 weeks of age.  Each column or point represents the mean ± SD.  ***P < 0.001, 
significantly different from WT. 
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RFVT3 -ˌ¨ĮġȌBƴ�> BVVL ȑ¸ɛŴɟ,��'�P�]�˓łȑBĂ�>�

)�ěă�?'�> 25	 �(ÑȅŢƪ-yHX;=ɶɩłBďô��P�]�˓ǴŜB

ǬĴ�"	 -ɍƽ�Rfvt3-/-,��>ł�P�]�˓ǴŜ.�˗ȅė)Ǖ�'ƴŹ,�Ƭ

�'�"̏Fig. II-4 	̐ 

 

  

Fig. II-4.  Urinary glutaric acid levels in the WT and Rfvt3-/- littermates.   
Urine samples were obtained from WT and Rfvt3-/- littermates at postnatal day 0.  The concentration of glutaric 
acid was measured by GCMS.  Each column represents the mean ± SD.  *P < 0.05, significantly different from 
WT. 
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ȶ̒Ȼ� Rfvt3i`OEHcyHX,��>ʈ��;0ɋɗ��w
p�n�ǴŜ-ʝµ 

 

ÑȅŢƪ-˗ȅė�Rfvt3+/-�Rfvt3-/-,��>ʈ��0,ɋɗ�̏ ɮ�ɯɸ�ɡɸ�ůɸ�

ɤ̐-�wp�n�ǴŜBʝµ�"	Rfvt3-/-,��>�wp�n�ʈ�ǴŜ.�˗ȅė)

Ǖ�'ʂ��®��'�"̏Fig. II-5A 	̐5"Rfvt3-/-(.�Ǆʘ�"Å'-ɋɗ,��'

ʂƭ+�wp�n�ǴŜ-®��ʕĺ�?"̏Fig. II-5B 	̐ï$�Rfvt3-ǋƗ,;=˖Ŝ

-�wp�n�ǋ��ȅ�>�)�ƭ<�)+%"	�<,�Rfvt3-/-,��'ʈ� FAD

ǴŜ-®�9ʡ8<?̏Fig. II-6C �̐ɋɗ� FMN�;0 FAD-ǴŜ9˗ȅė)Ǖ�'ƴ

Ź,®¹BȦ�"̏Figs. II-6B and D 	̐ũ%'Rfvt3-ǋƗ.��wp�n�-6+<�ʎ

ˑɇė-ǋ�9Š�ʮ���)�Ȧ�?"	 

  

Fig. II-5.  Riboflavin levels in plasma and tissues from WT, Rfvt3+/- and Rfvt3-/- littermates.   
Plasma and tissues were obtained from WT, Rfvt3+/- and Rfvt3-/- littermates at postnatal day 0.  The riboflavin levels in 
the plasma (A) and tissues (B) were measured by HPLC.  Each column represents the mean ± SD.  *P < 0.05, ***P < 
0.001, significantly different from WT. 
 

 



 30 

  
Fig. II-6.  FMN and FAD levels in plasma and tissues from WT, Rfvt3+/- and Rfvt3-/- littermates.   
Plasma and tissues were obtained from WT, Rfvt3+/- and Rfvt3-/- littermates at postnatal day 0.  Plasma concentrations of 
FMN (A) and FAD (B) were measured by HPLC.  Tissue levels of FMN (C) and FAD (D) were also determined.  Each 
column represents the mean ± SD.  *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from WT. 
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ȶ̓Ȼ� ɧș,��>�wp�n�ɧÃȭʉ1- Rfvt3-ˣ� 
 

ȶ̒Ȼ,��'�ÑȅŢƪ-Rfvt3-/-(.̂ʂ+�wp�n�ǋ��ʡ8<?"	�-�

)�<�Rfvt3 .ɧș,��>�wp�n�-ɧÃȭʉ,ˣ��'�>ùɪŲ�Ɣĺ�?

"	 �(�yHXɧș,��>Rfvt3-mRNAȔȀÒŎB in situ hybridizationǛ,;=

ʝµ�"	 -ɍƽ�Rfvt3 .ǔ¯ɧÃˢ-ǀ̇�;0ɝŞǻ-�ƖBʉ�ˍ­(�>ʻ

ʰˍ,��'ȔȀ�>�)�ƭ<�)+%"̏ Fig. II-7D 	̐5"�˃ ɍő,��'9ȔȀ�

ʡ8<?"̏Fig. II-7C 	̐ 

ǌ,��wp�n�ɧÃȭʉ,Rfvt3�ˣ��'�>�Ǆʜ�"	Rfvt3+/-ˢ�ˏ��"

ĨĬ 16ƪȚ-ǔ¯yHX-ŋĥɵ˷ɬ�<[3H]�wp�n�BȟƮƅ���5Òŧ-ɧÃ

�-ƟĽǟŲBǬĴ�"	 -ɍƽ�Rfvt3-/-ɧÃ�-ì­˖˘Ţ"=-[3H]�wp�n�

ʃȰ˘.�˗ȅė)Ǖ�'ƴŹ,®��'�"̏Fig. II-8A 	̐5"�ɧÃ�-[3H]�wp�

n�ǴŜBɧș˖˘(˩��)(ɧș-ì­˖˘�"=-�wp�n�ʵʽɪBȹÑ�"

)�@�Rfvt3-/-ɧÃ,Ļ�>ɧș�wp�n�ʵʽɪ.�˗ȅėɧÃ,Ļ�>ʵʽɪ,Ǖ

�'ƴŹ,®��'�"̏Fig. II-8B 	̐¥�;=�Rfvt3�ɧș,��'�wp�n�-ɧ

Ãȭʉ,ˣ��'�>�)�Ȧ�?"	 
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Fig. II-7.  mRNA expression of Rfvt3 in the mouse placenta.   
(A) mRNA expression of Rfvt3 in the placenta was examined by in situ hybridization.  The insets indicate the 
magnification region.  (B-D) Higher magnification images corresponding the solid flames in (A).  (B) Deciduum, 
(C) junctional zone and (D) labyrinth zone.  The blue signals were positive staining for Rfvt3 (indicated by arrows).  
Hybridization with a sense probe for Rfvt3 (negative control) in the (E) deciduum, (F) junctional zone and (G) 
labyrinth zone.  Scale bar, 100 µm. 
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Fig. II-8.  Placental transport of [3H]riboflavin in WT, Rfvt3+/- and Rfvt3-/- fetuses.   
Rfvt3+/- mice were mated and [3H]riboflavin was administered intravenously to pregnant dams at gestation day 16.5.  
Placental transport of [3H]riboflavin was expressed per gram of fetus (A) or per gram of placenta (B).  Each column 
represents the mean ± SD.  *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from WT. 
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RFVT3�üĴ�?'¥ƺ�ɋɗÒŎ:ǊɪǼŲȷ-Ěȥȕȡʓ.˲Ȱ�&&�>9--�

 -ȅȂȕťßB in vivo,��'Ǆʜ�"ěă.ȖǸ(�%"	ȶ IIȴ(.i`OEHc

yHXBȇ�"Ǆʘ,;=�RFVT3 �ȅ¯É,��'Ɖ�ťßBɁƿ�"	ÑȅŢƪ-

Rfvt3i`OEHcyHX,��'�ʈ��;0ɋɗ��wp�n�ǴŜ.˗ȅė)Ǖ�'

̂ʂ,®�¹BȦ��ʂƭ+�wp�n�ǋ��ʡ8<?"	Rfvt3 .ɧș,��'̌Ȕ

Ȁ�ʡ8<?>�)�<�ǊɪǋƗ,;=ǔ¯�<ɧÃ1-�wp�n�³Ɏ,Ť˼B�

"�'�>ùɪŲ�Ɣĺ�?"	ɧș,��>�wp�n�-ɧÃȭʉ.�c��Xx�

],;=ĭ¡�?>�)�mcɧșǵǠǛ:ę̇ɉɨȷBȇ�"Ǆʘ,;=Ȧċ�?'�

" 9, 60-63�� -ÒĮĵ¯-üĴ,.ɻ%'�+�%"	á�'�mcɧșûɨ¯Ųǀ̇

ɷɉɨ;=ʢʏ�?"ɷĿɨBȇ�"Ǆʘ,��'��wp�n�õ=ʷ6,̆ĈŲ�ʡ

8<?>9--�ǫŜ´İŲBȦ�+�%"̏37˚C) 22˚Cˢ-Ǖʳ̐�)�<c��X

x�]-ˣ�ɺ¯,žȍȕ+ěă9+�?> 64+*�ɧș,��>�wp�n�ʵʽ-ʟ

ɉ+Ǌǆ9�ƭ(�%"	ɧș,��> Rfvt3 -ȔȀÒŎBǄʜ�")�@�ʻʰˍ,�

�'ȔȀ�ʡ8<?"	ɧșʻʰˍ.ǔ -̄ɧÃˢ(ǀ̇ǻ�;0ɝŞǻ-�Ɩ�ʉA?>

ˍ­(�=�ʈǤ-ɧșˣ˟-ťßBƽ"�ûɨ¯Ųǀ̇ɷɉɨ�ǔ¯ʈ)Ɠ�'�>	û

ɨ¯Ųǀ̇ɷɉɨ,.ȯ
ǀ̇ǻBʵʽ�>c��Xx�]�ȔȀ�'�=�ɧÃ1-ǀ

̇ǻ-³ɎBĭ¡�'�> 60, 65, 66	Ƹȴ,��'Rfvt3+/-ˢ�ˏ��"ĨĬyHXBȇ�'

ǔ -̄ɧÃˢ-�wp�n�ȭʉŲBɧÃ-WIi]Gr×,ʝµ�")�@�Rfvt3 i`

OEHcɧÃ1-�wp�n�-ȭʉŲ.˗ȅė1-ȭʉŲ)Ǖʳ�'ƴŹ,®��'�

"	ũ%'�Rfvt3 ��wp�n�-ɧÃȭʉ,ˣ��'�>�)�ƭ<�)+%"	û

ɨ¯Ųǀ̇ɷɉɨ,��> Rfvt3 -ɷŃĕ. ŧǄʜ�?>Űʒ��>��ȶ I ȴ,��

'ʺ2"ˀ=�RFVT3B�ȗɉɨ,šÙȔȀ��"Ĝû�˽ »ɷ,Ńĕ�>�)�ʐƣ-

ɸĎȉƺ-ɉɨ,��'ËȀ�?'�> 41, 48, 67	ũ%'�Rfvt3.ûɨ¯Ųǀ̇ɷɉɨ,�

�'9˽»ɷ,��'ȔȀ��ǔ¯ʈ�<ɉɨÉ1-�wp�n�õ=ʷ6Bĭ¡�'�

>ùɪŲ�ŷĴ�?>	¥��Rfvt3 �ɧș,��>�wp�n�-ɧÃȭʉBĭ¡�>

�)B in vivo,��'Õ8'ĵʜ��ǊɪǋƗ,©�ȭʉŲ-®���ƦȅÃ-�wp�

n�ǋ�BŠ�ʮ���Đ(�>�)�š�Ȧċ�?"	 

ǊɪǋƗė-RFVT3Bv}(ƴ�>BVVLȑ¸ɛŴɟ,��'�ģȯEV�CoAɭǗ

ɇˑɇǋƗȑ̏ Multiple Acyl-CoA Dehydrogenase Deficiency; MADD )̐üǇ-¤ʦȌŒ�ʡ
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8<?>�)�ěă�?'�> 25	MADD.P�]�˓łȑ IIė)9ʋȀ�?�ɫɢ˓ȷ

-¤ʦȌŒ,©��ł�,��>P�]�˓B.�8)�>ɫɢ˓¹�;0ʈ�EV�L

�f_�¹-�Ƭ�ʡ8<?> 68	®ʈɂ�¤ʦŲEVd�VX�ɡɱĥ�zKl_�+

*ģǇ+ȑǽBĂ��ƦȅÃ,��'Ȕȑ�"Ĝû.˖Ⱦ(�=�ŧ�ŵ�	MADD-Ȕ

ȑʒĐ)�'�ɫɢ˓�˓èȷ-¤ʦóű,ˣ��> electron transfer flavoprotein̏ETF̐

�;0 electron transfer flavoprotein dehydrogenasȅ ETFDH̐BR�d�>ˌ¨Į-ġȌ�ě

ă�?'�=��?<-ǊɪǋƗ,;=ɫɢ˓¤ʦȌŒ�Ÿʮ�?>�)�ȡ<?'�>

69-71	Ƹȴ,��'�Rfvt3i`OEHcyHX.ł�P�]�˓ǴŜ-�ƬBĂ��Rfvt3

-ǊɪǋƗ,;=ɫɢ˓¤ʦȌŒ�Š�ʮ��?>�)� in vivo,��'Ȧ�?"	�˓

è. 4ǒˬ-ˑɇóű,;=ſ%'�=� -ȶ 1ǒˬ.FADBʎˑɇ)�>EV�CoA

bmd�Qe�[,;=ĭ¡�?>	Rfvt3i`OEHcyHX(.Ǆʘ�"Å'-ɋɗ,

��'�FADǴŜ.˗ȅė,Ǖ�'®¹BȦ�'�"	ũ%'ʎˑɇ-ǋ�,;=ɫɢ˓

�˓è-˅ʉ,Ť˼�ò0�ʃȰ�"ɫɢ˓�ł�,ǰÑ�"9-)Ɣĺ�?>	¥Ü,�

˞˜ɫɢ˓�˓è,ˣ��>mitochondrial trifunctional protein̏MTP̐-i`OEHcyH

X�ɫɢ˓¤ʦȌŒ:®ʈɂB�"��Ñȅŧ 36Ʈˢ¥É,Ǐ��>�)�ěă�?'�

> 72	�-ɍƽ.�ȅŧ-ȅİ,��>ɫɢ˓¤ʦ-˖ʒŲBȦċ�>9-(�>	MTP

i`OEHcyHX-ůɸ�;0ǉ˭ɷ(.˖Ŝ-hO��VX:Ȳɨè�ʡ8<?�ů

Ǌɪ-®�5".Ćā�Å,;=Ǐ��"ùɪŲ�Ɣĺ�?'�> 72	Rfvt3i`OEHc

yHX-Ǐ�ƮƷ. MTP i`OEHcyHX)˒«�'�=�üǇ-ǊŚ(Ǐ��'�

>ùɪŲ�ɞ�<?>	¥�;=�Rfvt3 -ǊɪǋƗ,©��wp�n�ǋ�.�ɫɢ˓

¤ʦ,Ť˼B�"��)� in vivo,��'š�Ȧċ�?�ɼǏȕ+ʒĐ)+>ùɪŲ�Ɣ

ĺ�?"	 

RFVT3 -ˌ¨ĮġȌ)-ˣ˃�Ȧċ�?'�> BVVL ȑ¸ɛ.�ĿÃ:�ŖÃ,��

'Ȕȑ�>ȑ²�ģ� 30, 73	RFVT3ˌ¨Į,ġȌBƴ�>BVVLȑ¸ɛŴɟ(.�ʈ��

wp�n�ǴŜ-®��ʡ8<?>�)�ěă�?'�> 25	�?<-Ŵɟ,��>ȩɌ

ȑǽ.�wp�n�-ƅ�,;%'ʂ��ƞČ�> 25, 26, 28, 59	ũ%'��wp�n�-ǋ

�� BVVL ȑ¸ɛ-ȔȑʒĐ)+%'�>ùɪŲ�Ɣĺ�?'�> 73	ƸȢȱ,;=�

RFVT3-ˌ¨ĮǋƗ,;=ɧșB¡�"ɧÃ1-�wp�n�³Ɏ�®���ƦȅÃ,̂

ʂ+�wp�n�ǋ�BŠ�ʮ���)�Öƭ�"	5"�ȶ Iȴ,��'ĵʜ�"ˀ=

RFVT3.�wp�n�-ɲȺāô,��'9˖ʒ+ťßBƽ"�'�=�̄ Ģ�<-Ƙõ

�Űʒ)+>Ñȅŧ,.��wp�n�ǋ���<,ğš�?>ùɪŲ�š�Ȧċ�?>	
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�wp�n�ǋ�,;=ȩɌȑǽBȔȑ�>ǊŚ. ŧ-Ǆʘ�Űʒ(�>��RFVT3-

ˌ¨ĮǋƗ,©�ɧÃƷ-�wp�n�³Ɏ�0,Ñȅŧ-ɲȺāôɪ-®�,;=�w

p�n�ǋ��Š�ʮ��?�BVVLȑ¸ɛȔȑ-ʒĐ)+>ùɪŲ�Ɣĺ�?>	 

¥��Ƹȴ,��' RFVT3 �ȅŧ-ȅİ,Ű˿-c��Xx�](�>�)�Öƭ�

"	5"�RFVT3 .ɧș,��'ɧÃ1-�wp�n�-ȭʉ,ˣ��>�)� in vivo

,��'Ȧ�?�ǊɪǋƗ,©�ȭʉŲ-®�.ƦȅÃ-�wp�n�ǋ�BŠ�ʮ��

�)�Ȧ�?"	 
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ɍ� � � ʣ 
 

¥��ȴ,A"=�ʂɟ.�wp�n�c��Xx�] RFVT3 -ȅȂȕťß-ʖƭB

Țȕ)�"ǄʘBʉ��¥�-ɍʣBŪ"	 

 

 

ȶ Iȴ� �wp�n�ɲȺāô,��> RFVT3-ťß 
 

�wp�n�.ȅ¯-ǎŒ+ǊɪɐƋ,Ű˿-ǗǯŲn]z�(�>	mcB.�8)

�>Ċ�̃.�wp�n�ȅûſɌʰBƴ�+�"8�̄ǻ�<-Ƙõ��ùǋ(�>	

̄�Ƙõ�?"�wp�n�.Ŀɲ,��'�ɲ�ȗɉɨ-Ⱥɰ»ÚĮɕɷ)ʈȺ»»ś

ɷ- 2&-ɷʿˆˆȮBɌ'ʈ�1)õ=ʷ5?��-�ˆȮBc��Xx�]�ĭ¡�

>�)�ƭ<�)�?'�>	���� -ÒĮĵ¯.˞ŕ�ƭ(�%"	Ƹȴ(.�Ŀ

ɲ,��'̌ȔȀ�ʡ8<?> RFVT3 -�wp�n�ɲȺāô1-Ǌɪȕˣ�Bʝµ�

"	mcɲȉƺ�ȗɉɨ(�>T84ɉɨ,��>RFVT3-mRNAȔȀ˘.�mc-Ŀɲ

)üȮŜ(�%"	5"�T84 ɉɨ,��'�wp�n�.˽»ɷ»�<»śɷ»1-Ƨ

þ�ï$ɲȺāô,Ļű�>Ƨþ,ˋƇȕ,ʵʽ�?"	ũ%'��wp�n�ɲȺāô

,��>RFVT3-ťßB in vitro,��'Ǆʘ�>�(�T84ɉɨ.}b�ɉɨ)�'ĩ

Ţ(�>)ɞ�<?"	T84 ɉɨ-˽»ɷB¡�"�wp�n�õ=ʷ6.ɉɨĢ pH ´

İŲ�&Na+˸´İŲBȦ��RFVT3-ǊɪȕǼŮ�ʡ8<?"	�<,��-�wp�

n�ʵʽ.RFVT3ˤķʅ(�>|_��q��-ǧá��;0RFVT3,ǼȌȕ+ siRNA

-ľÄ,;=ƴŹ,®��"	In situ hybridizationǛ,;=yHXǣèȺ,��>Rfvt3-

mRNAȔȀBǄʘ�")�@�Ȳɲ�;0ďɲ,��'ȔȀ�ʡ8<?"	�Ƨ�ɥ�ê

�ƌɲ�țɲ�ɍɲ�Ȝɲ(-ȔȀ.3)C*ʡ8<?+�%"	yHXȲɲ�;0ďɲ

,��>�wp�n�ɷʿˆŲ.�|_��q��-ǧá,;=ƴŹ,®��"	¥�;

=�RFVT3.ɲ�ȗɉɨ-˽»ɷ,��'Ǌɪ���wp�n�-ɲȺāô,Ĺ��>�

)�Ȧ�?"	 
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ȶ IIȴ� ƦȅÃȅİ,��> RFVT3-˖ʒŲ 
 

� RFVT3.Ŀɲ-¢,ɯɸ�ɁŊ�ɧșȷ,9ÒŎ�'�>��in vivo,��'Ɖ�ťß

.ƭ<�)�?'�+�	 �(Rfvt3i`OEHcyHX̏ Rfvt3-/- B̐ȇ�'Ǆʜ�"	

Rfvt3+/-ˢ�ˏ,;=Ñȅ�"ƦȅÃ.�|�b�Û,ũ%"ˌ¨ĮėÒŎBȦ�"	��

��Rfvt3-/--ĥˍÒ�ȅŧ 48Ʈˢ¥É,Ǐ��"	ÑȅƮ- Rfvt3-/--¯˖.�˗ȅė,

Ǖ�'ƴŹ,®¹BȦ�"	�Ƨ�Rfvt3+/--¯˖,ˣ�'.�ʼʯ�" 20 ˄ˢ-ƷˢÉ

,��'�˗ȅė)-ˢ,ƴŹ+Ō.ʡ8<?+�%"	RFVT3 -ˌ¨ĮġȌBƴ�>

BVVLȑ¸ɛŴɟ(.�P�]�˓łȑBĂ�>�)�ěă�?'�>	Rfvt3-/--ł�P

�]�˓ǴŜ.˗ȅė)Ǖ�'ƴŹ,�Ƭ�'�=�Rfvt3 -ǋƗ,;=ɫɢ˓¤ʦȌŒ

�Š�ʮ��?>�)� in vivo,��'Ȧ�?"	Rfvt3-/--ʈ��;0ɋɗ�̏ ɮ�ɯɸ�

ɡɸ�ůɸ�ɤ -̐�wp�n�ǴŜ.�̠ ȅė,Ǖ�'ʂƭ,®��'�"	�?;=�

Rfvt3 �ɧș,��'�wp�n�-ɧÃȭʉ,ˣ��>ùɪŲ�Ɣĺ�?"	In situ 

hybridizationǛ,;=yHXɧș,��> Rfvt3-mRNAȔȀBǄʘ�"ɍƽ�ʻʰˍ,

��'ȔȀ�ʡ8<?"	Rfvt3+/-ˢ�ˏ��"ĨĬ 16ƪȚ-˳ŲyHX,[3H]�wp�n

�BȟƮƅ���ɧÃ1-�wp�n�ȭʉŲBʝµ�")�@�Rfvt3-/-ɧÃ�-ƟĽǟ

Ų.˗ȅėɧÃ,Ǖ�'ƴŹ,®¹BȦ�"	¥�;=�RFVT3�ƦȅÃ-ȅİ,Ű˿-

c��Xx�](�>�)�Öƭ�"	RFVT3.ɧș,��'ɧÃ1-�wp�n�-ȭ

ʉ,ˣ��>�)�ƭ<�)+=�ǊɪǋƗ,©�ȭʉŲ-®�.ƦȅÃ-�wp�n�

ǋ�BŠ�ʮ���)�Ȧ�?"	 

 

 

¥��ʂɟ. RFVT3 ��wp�n�-ɲȺāô�;0ɧÃȭʉ,Ĺ��>�)Bƭ<

�)�"	5"�RFVT3.ȅİ,Ű˿-c��Xx�](�>�)BʓÑ�"	ƸȢȱſ

ƽ.�ȅ¯-�wp�n�ųŒŲɐƋǊǆBȂʖ�>"8-˖ʒ+Ěȥȕȡʓ(�>)Ç

,�BVVL ȑ¸ɛȷ- RFVT3 -ǊɪǋƗ�ˣ��>ȏŴ-Ȕȑ|LfY{-ʖƭ,9ƴ

ȇ+Ŷě)+>9-)ɞ�>	 
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ʦ � � ʶ 
 

  

ɊA=,ɹ6�ƸȢȱ,˯�'ɊĪūŽȾ+>ūƌľ�ū˻ƛBʫ=5�"�ˎĥıé

ıˍ˥ńȐ  ˨ƻð ĈĦ ơƏ,ʌů;=ǥȄ+>ʦŹBʋ�5�	5"�ȯ
-ƴȘ+ū

âʗ)ūƌľBƀ�5�"�ˎĥı � ʬ� ýʠơƏ��ˎĥıĥı˨ʅıȢȱȪ Ƞ  ̠

ɣĮ ÎơƏ�ȳć̈ĥıʅı  ̱ǃ Ơ� ơƏ��ŉĥıȐ  ˨ğȈ ƱÀ ơƏ��ˎĥı

éıˍ˥ńȐ  ˨ȿǳ Ǧ ʥŐ,ǥʦɼ�5�	 

�<,�ģ�-ūƌľ�ūâʗBƀ�5�"�ˎĥıéıˍ˥ńȐ˨ʅÝˍʤǖ��0

,ĵ̋-�ˍ,ūëàƀ�5�"ÆŁ Ȩ  ̂íĠ�ʁ  ̠�ɚĮ�C�Ňʑ ̉˕�C,ů

;=źʦɼ�5�	  
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ĵ ̋ - ˍ 
 
ʞʅ 

Moravek Biochemicals 

D-[1-14C]mannitol (1.961 GBq/mmol), [3H]riboflavin (0.903 TBq/mmol) 

 

GE Healthcare 

[14C]α-methyl-D-glucopyranoside (11.7 GBq/mmol) 

 

Sigma-Aldrich 

Flavin adenine dinucleotide disodium salt hydrate, Lumichrome, Lumiflavine, Probenecid, 

Riboflavin, Riboflavin 5’-monophosphate sodium salt hydrate 

 

Nacalai Tesque 

Amiloride, Choline chloride, Furosemide, Imipramine hydrochloride, p-Aminohippuric acid, 

D-(-)-Mannitol  

 

Wako Pure Chemical Industries 

Chlorpromazine hydrochloride, Desipramine hydrochloride, Methylene blue, N-methyl-D-glucamine 

 

 -¢-ʞʅ.�ōʩǼɆĉBȇ�"	  
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ȶ�ȴ� ĵ̋-ˍ 
 
�I-1�ɉɨę  ̇

̏1̐�T84ɉɨ-ę  ̇

mcɍɲȓȉƺ�ȗɉɨǁT84ɉɨ̏ CCL-248; American Type Culture Collection .̐�10%

HVɧÃʈǨ̏FBS̐ĀƴDulbecco’s modified Eagle’s medium-Ham’s F-12 with L-Gln, sodium 

pyruvate, and HEPES̏Nacalai Tesque̐(�5% CO2-95% air�37˚C-ȃĞ�,��'ę̇�

"	ĵ̋ȇ,.�6-well Transwell®̏3.0 µm pores, 4.67 cm2; Costar̐5". 24-well plate, 

?!? 150�104 cells/well�20�104 cells/well(ƚȯ�"	2ƪ�),ęĖB�Ɩ��5ƪŧ

,ĵ̋,ȇ�"	RNA œǩBʉ�Ĝû.�duplexed Stealth RNAi small-interfering RNA

̏siRNA̐̏Life Technologies B̐ȇ�"	T84ɉɨƚȯƮ,�LipofectAMINE RNAiMAX̏ Life 

Technologies̐Bȇ�"�k�Xc��XpIOV��Ǜ,;= 1 well�"= 30 pmol -

siRNABɉɨÉ,ľÄ�"	c��XpIOV�� 24Ʈˢŧ,ęĖB�Ɩ�� -ŧ. 2

ƪ�),ęĖ�ƖBʉ��5 ƪȚ,ĵ̋,ȇ�"	R�c���ɉɨ,. Stealth RNAi 

Negative Control Duplexes̏ Life Technologies̐BľÄ�"	±ȇ�" hRFVT3BǼȌȕ,Ƅ

Ù�> siRNȀhRFVT3-siRNA̐-ǈȕˏÔ.�¥�,Ȧ�ˀ=(�>	 

 

hRFVT3-siRNA�: 5’-TCCTGCCTAACAGGTCTCTGCTGTT-3’ 

hRFVT3-siRNA�: 5’-ACCTGCGTCAATGTCACTGAGATAT-3’ 

hRFVT3-siRNA�: 5’-CCGGCGCACCTGGCCTTCATCTATA-3’ 

 

̏2̐�HEK293ɉɨ-ę  ̇

mcɧÃɯȉƺHEK293ɉɨ̏ CRL-1573; American Type Culture Collection .̐�10% FBS

ĀƴDulbecco’s modified Eagle’s medium(�5% CO2-95% air�37˚C-ȃĞ�,��'ę̇

�"	ĵ̋ȇ,.�HEK293ɉɨBx��W�R�c�ƨ�?" 24-well9��. 12-well 

plate, 7.5�104 cells/well�15�104 cells/well-ǴŜ( ?!?ƚȯ�"	24Ʈˢę̇ŧ,

24-well plate,ƚȯ�"ɉɨ,. 0.2 µg�12-well plate,ƚȯ�"ɉɨ,. 0.4 µg-r�X

zdDNABLipofectAMINE 2000 (Life Technologies)Bȇ�'c��XpIOV���"	

24Ʈˢŧ,ęĖB�Ɩ��48Ʈˢŧ,ʵʽĵ̋,ȇ�"	+��ȇ�"r�XzdDNA

.�hRFVT1�hRFVT2�hRFVT3�mRfvt2 5". mRfvt3 -ˌ¨ĮˏÔ�ƍÄ�?"
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pcDNA3.1/Hygro(+)tO]�(�=�ʂɟ-Ɓń�>ȢȱĶ,��'Ʃ,ǆȽ�?"9-(

�> 20	 

 

̏3̐�MDCKɉɨ-ę  ̇

GgɯȉƺMadin-Darby canine kidney̏MDCK̐ɉɨ̏CCL-34; American Type Culture 

Collection̐.��I-1�̏ 2̐,Ǯ�'ę̇�"	ĵ̋ȇ,.�MDCKɉɨBx��W�R�

c�ƨ�?" 4-well culture slides̏Becton, Dickinson and Company̐, 4�104 cells/well-Ǵ

Ŝ(ƚȯ�"	24Ʈˢę̇ŧ, 0.8 µg-r�XzdDNABLipofectAMINE 2000Bȇ�'

c��XpIOV���"	24Ʈˢŧ,ęĖB�Ɩ��48Ʈˢŧ,ʆÁʕĺ,ȇ�"	+

��ȇ�"r�Xzd DNA.�hRFVT3-ˌ¨ĮˏÔ�ƍÄ�?" pEGFP-C1tO]�

(�=�ʂɟ-Ɓń�>ȢȱĶ,��'Ʃ,ǆȽ�?"9-(�> 20	 

 

�I-2�mRNAȔȀ-Ĵ  ̆

RNeasy Mini Kit̏ Qiagen B̐ȇ��T84ɉɨ;= tatal RNABƈÑ�"	Ū<?" total RNA

B˚ė)�'Random Primer�0, SuperscriptTM IIʾʲÌˑɇ̏Life Technologies̐Bȇ�

' 20 µL-Ƀ(ʾʲÌóűBʉ�� -ŧRNase H̏Life Technologies̐ÐȂBʉ%"	Ū

<?" single strand DNAB�E�]G{ PCRǛ,;>mRNAȔȀĴ˘,ȇ�"	�E�

]G{ PCR.�ABI PRISM7700TM Sequence Detectoȑ Life Technologies B̐ȇ�'Motohashi74

<-ƧǛ,Ǯ�'ʉ%"	¥�,±ȇ�"TaqMan® Gene Expression AssaysBȦ�	 

hRFVT1, Hs01079030_g1; hRFVT2, Hs01859203_s1; hRFVT3, Hs00364295_m1. 

 

�I-3�T84ɉɨBȇ�"ʵʽĵ  ̋

̏1̐Ɍ�ȗʵʽ�;0Ɍɉɨʵʽ-ʝµ 

�I-1�̏ 1̐,Ȧ�ƹ¦,'Transwell®,ƚȯ�"T84ɉɨBȇ�"	˽»ɷ»�»ś

ɷ»-˾,ę̇ǤB˩ñ���», 2 mL- Incubation Medium Ȉ.M.̐̏ pH 7.4̐Bǧá

��37˚C( 10ÒˢG�N~t�V���"	�»�< I.M.B˩ñŧ�[3H]�wp�n��

˸ǈʧ�wp�n��FMN5". FADBĀ7 I.M.B˽»ɷ»9��.»śɷ»,�I.M.

BóĻ»,ǧá�"	ȅȂȕƹ¦Bɞż��˽»ɷ»,ǧá�>ǯǤ. pH 6.0�»śɷ

». pH 7.4,ʢʏ�"	ƁĴ-Ʈˢ,óĻ»- I.M.B 100 µLďô�"	ƟĽǟŲ.Ǥ

¯V�_��V��LH�]�,;=�˸ǈʧ�wp�n��FMN�;0 FAD-ǴŜ

.�I-5�,Ǯ�'HPLCǛ,;=ǬĴ�"	�wp�n�Ɍɉɨʵʽ˘BȹÑ�>Ĝû
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,.�D-[1-14C]y�fc��BüƮǧá�>�),;=ɉɨˢˮʿˆ˘Bʝµ��ʎǎ

Bʉ%"	ĵ̋,ȇ�" I.M.-ɋſ.�145 mM NaCl�3 mM KCl�1 mM CaCl2�0.5 mM 

MgCl2�5 mM D-glucose�;0 5 mM HEPES̏pH 7.0-8.0,ʢʏ�>Ĝû̐5". 5 mM 

MES̏pH 5.5-6.5,ʢʏ�>Ĝû̐(�>	 

 

̏2̐˽»ɷ,��>�wp�n�ʵʽ-ʝµ 

�I-1�̏ 1 ,̐Ȧ�ƹ¦,' plate,ƚȯ�"T84ɉɨBĵ̋,ȇ�"	ę̇ǤB˩ñŧ�

0.5 mL- I.M.̏ pH 7.4 (̐ 37˚C,' 10ÒˢG�N~t�V���"	I.M.B˩ñ�"ŧ,

[3H]�wp�n�Āƴ I.M.̏ pH 6.0̐Bǧá��5ÒˢG�N~t�V���"	ʅǤB˩

ñŧ�ǘÍ�" 1 mL- I.M.̏ pH 7.4̐(ɉɨB 2ďǝǡ�>�)(óűBºǍ��"	ɉ

ɨB 0.5 mL- 0.5 N NaOH(ǯʖ��ǯʖǤ�-ƟĽǟŲBǤ¯V�_��V��LH�

]�,;=ǬĴ�"	Na+-free- I.M..NaClBCholine chloride�N-methyl-D-glucamine5"

.Mannitol,əƖ�'ʢʏ�"	 

 

̏3̐»śɷ,��>�wp�n�ʵʽ-ʝµ 

�I-3�̏ 1̐)üǇ,�Transwell®,ƚȯ�"T84ɉɨ-�», 2 mL- I.M.̏ pH 7.4̐B

ǧá��37˚C( 10ÒˢG�N~t�V���"	I.M.B˩ñŧ�[3H]�wp�n�Āƴ I.M.

̏pH 7.4̐B»śɷ»,�I.M.̏pH 6.0̐B˽»ɷ»,ǧá��5ÒˢG�N~t�V��

�"	ʅǤB˩ñŧ�ǘÍ�" 2 mL- I.M.̏ pH 7.4̐(ɉɨ-�»B 2ďǝǡ�"	ɉɨ

B 1 mL- 0.5 N NaOH�,ǯʖ��ǯʖǤ�-ƟĽǟŲBǤ¯V�_��V��LH�]

�,;=ǬĴ�"	 

 

̏4̐]�lOĴ  ̆

ɉɨǯʖǤ�-]�lOʭǴŜ.�Bradford-ƧǛ,Ǯ��γ-globulinBX]�^�d)

�'Bio-Rad Protein Assay Kit̏Bio-Rad̐Bȇ�'Ĵ˘�"	 

 

�I-4�RFVT�ˆŲȔȀHEK293ɉɨBȇ�"ʵʽĵ  ̋

̏1 [̐3H]�wp�n�ʵʽĵ  ̋

�I-1�̏ 2 ,̐Ȧ�ƹ¦,'RFVTB�ˆŲȔȀ��"HEK293ɉɨBĵ̋,ȇ�"	ɻ

ʽĵ̋.��I-3�̏ 2̐,Ǯ�'ʉ%"	¬�� [3H]�wp�n�Āƴ I.M.- pH. 7.4,ʢ

ʏ��5"G�N~t�V��ƮˢB 1Ò)�"	HEK293ɉɨ,��>ÉĐȕ+�wp
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�n�ʵʽɪBɞż��úRFVT,;>�wp�n�ʵʽǟŲ̏ Specific Uptake B̐�RFVT

ȔȀHEK293ɉɨ,��>�wp�n�ʵʽǟŲ�<ȲtO]�ľÄɉɨ,��>ʵʽǟ

ŲBǪȹ�>�)(ȹÑ�"	 

 

̏2̐˸ǈʧ�wp�n��FMN�;0 FAD-ʵʽĵ  ̋

�I-4�̏ 1̐,Ǯ�'ʉ%"	ʅǤǧáÜ-G�N~t�V��. 20 Òˢ)�"	ʅǻ

Āƴ I.M.-G�N~t�V��B 10Òˢʉ��ǘÍ I.M.(ǝǡŧ, 0.2 mL- 10 mM��

˓k`pD�̏pH 5.5̐�,ɉɨBďô�"	|]i��Bá�>�)(˩]�lOBʉ

��̄ ůŧ-�ǨBRX}eGXpF�]�̏ 0.45 µm; Merck Millipore B̐ˀ�"ŧ,�I-5�

,Ǯ�"HPLCǛ,ȇ�"	 

 

�I-5�HPLC,;>�wp�n��FMN�;0 FADǴŜ-ǬĴ 

HPLC ,.�LC-10ADVP̏Shimadzu �̐ǄÑĎ,.ʆÁǄÑĎ RF-10ASL̏Shimadzu �̐

ȰÒĎ,.O�ycl`O C-R8ȀShimadzu̐Bȇ�"	ÒƼL�{. CHEMCOSORB 

5-ODS-H̏ 4.6�150 mm; Chemco Scientific Co., Ltd. �̐ȭåȝ. 10 mM��˓k`pD�̏ pH 

5.5̖̐ |]i�� = 65 : 35)��Ǡˁ 1.0 mL/min�ãʮǜ˞ 445 nm�ʆÁǜ˞ 530 nm�

G�WIOV��˘ 20 µL�L�{ǫŜ 40˚C,'ǬĴBʉ%"	 

 

�I-6�GFP-hRFVT3ȔȀMDCKɉɨ-ʆÁʕĺ 

�I-1�̏ 3 ,̐Ȧ�ƹ¦,' 4-well culture slide,ƚȯ��GFP-hRFVT3B�ˆŲȔȀ��

"MDCKɉɨBȇ�"	ę̇ǤB˩ñŧ, PBS(ɉɨBǝǡ��2%l�v�{E�bm

dBǧá�10Òˢ˷ə�>�)(ɉɨBĔĴ�"	ǂ�;0F-EO_�BǄÑ�>"8�

4’,6-diamidino-2-phenylindolȅ2000 ·ŏ˔̐�;0 Alexa-546-Phalloidin̏1000 ·ŏ˔̐,

;>ƾʀBʉ��ʆÁ̂ŭ˝̏BZ-9000; KEYENCE̐Bȇ�'ʕĺ�"	 

 

�I-7�In situ hybridization 

yHXɋɗ-l�pF�çĘ�ʄÓÓǺ-°ſ�;0ƾʀ.ǁş§ȧWIiX]`p,

īʙ��¥�-ʒ̀(ĵƨ�?"	 

 

̏1̐ɋɗÓǺ-°ʏ 

 8˄̎-C57BL/6˱ŲyHXBȇ�"	v�{E�bmdɃĔĴǤ̏Genostaff̐Bȇ�
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'ɋɗ-ǵǠ�ǢǱĔĴBʉ%"	l�pF�çĘŧ�5
6 µm-ʄÓÓǺB°ʏ�"	 

 

̏2̐r��qˏÔ 

 yHXRfvt3BǼȌȕ,ǄÑ�>ˏÔBǄɈ�"	 

ȇ�"r��qˏÔB¥�,Ȧ�	 

 

Rfvt3/Slc52a3̏NM_027172.3  ̐

Position̖1045-1645 in the open reading flame 

AGGTCGCTGTTATTCCTGGGGGTGCTCACAGTGTTGGGGACCGGCTTTGGGGCCT

ACAATATGGCCATGGCTGCTATGAGCCCCTGCCCTGTCCTGCAGGGTCACTGGG

GTGGAGAAGTCCTTATCGTGCTCTCCTGGGTGCTGTTTGCAGCCTGTCTCAGCTA

TGTCAAGGTGATGCTGGGTGTGATCTTGCGTGACCGGAGTCGCAGTGCCCTCTTG

TGGTGTGGGGCAGCGGTGCAGCTGGGCTCTCTGATTGGTGCCCTGCTCATGTTCC

CACTGGTTAATGTACTGAAACTCTTCTCATCTGCCGACTACTGCAGCCTGGACTG

CTCCGTGTAGGCTCACTTGGCCACCTCAGGACACCAGGTACCCCCATCGGTGAA

GGTAAAAGCCAGAAGAGCCCAGCGACACTAAGGATAACAACCCTTTGCTCCATT

TTTCATCCCCATCCTCCACACCCCCACTCCAACCTTGCATGGTCATAGATCGGGG

TCTGGGGAGCTGTTAGGCCAGGCCTGAGCTTTTTAACACAAAGGCCTCCTTCCA

ACCTGGAGTTGCACTGTGCAGCCCCTCCTCCAGCACAGTGCCCGTTGCTTATGAG 

 

̏3 I̐n situ hybridization 

ʄÓÓǺ,ɭl�pF�ÐəBƨ�"ŧ�Proteinase K̏8 µg/mL̐B 37˚C( 30Òˢó

ű��"	4% PFA (ËŜĔĴ�"ŧ�0.2 N HCl ( 10 ÒˢÐȂ�"	0.1 M 

triethanolamine-HCl, 0.25% acetic anhydride( 10ÒˢG�N~t�V���>�),;=E

Z_�èBʉ%"	ɭǗƜ°Bʉ%"ŧ�300 ng/mL,ʢʏ�"WSNVQf�ǈʧr�

�qB 60˚C( 16ƮˢjGq�^G[�V����"	ÓǺBǝǡŧ�RNase Ȁ 50 mg/mL 

in 10 mM Tirs-HCl, 1 M NaCl and 1 mM EDTA Ð̐ȂBʉ%"	0.5%q�`N�Pʞʅ̏ Roche̐

Bȇ�' 30Òˢq�`N�PBƨ�"ŧ�1000·ŏ˔�"E�L�vXpD]�[ǈʧ

ƆWSNVQf�Ɔ¯̏Roche̐)Ķǫ( 2Ʈˢóű��"	Ȕʀóű.�NBT/BCIPǯǤ

̏Sigma̐)�Ưóű��>�),;=ʉ%"	Kernechtrot ƾʀ,;=ĻǕƾʀBʉ��

CC/Mount̏Diagnostic Biosystem̐,;=ļÄ�"	 
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�I-8��wp�n�ɲȺāôɪ-ʝµ 

̏1̐ĵ̋åǻ 

10-15˄̎-C57BL/6˱ŲyHX̏Japan SLC̐B±ȇ�"	yHX.ĵ̋,ȇ�>5(

ųǫ̏22-24˚C �̐12Ʈˢ-ƭƲTGO��Ǘ)ĔţʞƥBɺȉ,Ƙõùɪ+ƹ¦�,��

'̅ɣ�"	 

åǻĵ̋.��ˎĥıåǻĵ̋,ˣ�>ƌ˙BˊĲ�'ʉ%"	 

 

̏2 I̐n situ closed loopǛ 

Shirasaka<-ƧǛ 75BĚ,�¥�-ʒ̀(ʉ%"	yHX.�ĵ̋ÜĤ;=ɏ̄��"	

Pentobarbital̏50 mg/kg̐̍ː�(ˡɳ��Ȳɲ,��'. treiz˺ő;= 2 cmˉ­»Bʮ

Ƿ)�> 5 cm�ďɲ,��'.țɲ;= 2 cmʸ­»BɊǷ)�> 5 cm-�ȵ,V�R�

_~�qBȇ�'Lf~��V��ƃʊBƨ��ˠ˜Ƀ-ɲȺ LoopB°ſ�"	LoopÉ

B50 nM-[3H]�wp�n��;050 µM-α-|_�-[14C]P�Ro�iVdBĀ7200 µL 

- PBS(ǭ"�"	3Òŧ,ʸ­»-Lf~��;=˸ǈʧ PBSB LoopÉ,ǠÄ���

ˉ­»-Lf~��;=ďô�"	Ū<?"ǯǤB 10 mL,|XE`r��ƟĽǟŲBǤ

¯V�_��V��LH�]�,;=ǬĴ�>�)(�LoopÉ,Ǒİ�>[3H]�wp�n

��0, α-|_�-[14C]P�Ro�iVd˘Bʝµ�"	5"�LoopBì˴ŧÓˡ��Loop

-˞��;0ÊĄ˞BǬĴ�"	 

 

[3H]�wp�n��0, α-|_�-[14C]P�Ro�iVd-ĿɲɷʿˆŲ̏Permeability̐

.�ǌ-ş,;=ȹÑ�"	 

 

Permeability (cm/s) = V(lnX0 – lnX) / CLT 

 

V; LoopÉƅ�ʅǤ˘̏200 µL ,̐ X0; ƅ�ʅǤ�ƟĽǟŲ, X; ɲÉǑİʅǤ�ƟĽǟŲ,  

C; LoopÊĄ ,˞ L; Loop ,˞ T; G�N~t�cƮˢ̏180ȫ  ̐

 

�<,�ɀɷ�[3H]�wp�n��0, α-|_�-[14C]P�Ro�iVdʃȰ˘Bʝµ�

>"8�ì˴�" Loop ˍ­BǘÍ�"ȅȂ̄ĝǗ(ǝǡ�"ŧ�ɀɷBƕ�õ%"	Ȭ

˘ŧ, 19 ·˘-ȅȂ̄ĝǗ�(x�c��v}WeGU�Bȇ�'v}Wh�cB°ʏ

�"	ˉůŧ-�Ǩ 100 µLB SOLVABLȄPerkinElmer̐�,ĳÅ,ǯʖ���ƟĽǟŲ
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BǤ¯V�_��V��LH�]�,;=ǬĴ�"	5"��Ǩ 5 µLB�I-3�̏ 4̐,Ǯ

�"]�lOĴ˘,ȇ�"	 
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ȶ IIȴ� ĵ̋-ˍ 
 

�II-1�Rfvt3̏Slc52a3̐i`OEHcyHX 

Rfvt3 i`OEHcyHX̏Slc52a3tm1a(KOMP)Wtsi̐-ÏɍɁĮB Knockout Mouse Project 

(KOMP) repository76;=Äƃ�"	C57BL/6˗ȅė˳ŲyHX,öɁ���F1�¤yHX

BŪ"	Ñȅ�" F1�¤,&�'�Ł;=ƈÑ�"Qi{DNABT�r�)�'�II-2�

̏2 ,̐Ǯ�' long-range PCRBʉ��ǎȤ,ȝüɋ6Ɩ��ʡ8<?"yHXüĠB�ˏ

���F2 �¤yHXBŪ"	�II-2�̏ 3̐,Ǯ�"Qi{ PCR Ǜ,;=�˗ȅė�sa�

ǋƗė̏Rfvt3+/- �̐v}ǋƗė̏Rfvt3-/-̐-ÖĴBʉ%"	 

 

�II-2�Qi{ PCR 

̏1̐Qi{DNA-ƈÑ 

yHX-Ł;=DNeasy Blood and Tissue Kits̏Qiagen̐Bȇ�'Qi{DNABƈÑ��

Ū<?"T�r�B¥�- PCRóű,ȇ�"	 

 

̏2̐Long-range PCR 

Long-range PCR.�TaKaRa Ex Taq® Hot Start Version̏TAKARA BIO̐Bȇ�'�94˚C

( 30ȫ̏ġŲ �̐55˚C( 30ȫ̏Ef���P �̐72˚C( 9Ò̏ª˞̐-TGO�B 32ď

ɘ=ʹ��Ƴŧ, 72˚C( 20Òª˞Bʉ%"	Ū<?" PCRȆǻB 0.6%EM��XQ�

(Ò˴ŧ�J_WH{q�yGdƾʀ,;=ǄÑ�"	±ȇ�"r�Gy�B¥�,Ȧ�	 

 

For 5’ homology arm 

  Forward primer (F1) : 5’-GAGTGGCACTTGACATTCGAGGATAAGC-3’ 

  Reverse primer (R1) : 5’-CACAACGGGTTCTTCTGTTAGTCC-3’ 

 

For 3’ homology arm 

  Forward primer (F2) : 5’-TCTATAGTCGCAGTAGGCGG-3’ 

  Reverse primer (R2) : 5’-GCGGCTTTTACCAAGAATATCAAG-3’ 
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̏3̐WIi]Go�P 

˗ȅėE���;0ġȌėE��BǄÑ�>"8� ?!?TaKaRa Ex Taq® Hot Start 

Version�TaKaRa Taq® Hot Start Version̏ TAKARA BIO B̐ȇ�" PCRóűBʉ%"	94˚C

( 30ȫ̏ġŲ �̐55˚C( 30ȫ̏Ef���P �̐72˚C( 3Ò̏ª˞̐-TGO�B 32ď

ɘ=ʹ��Ƴŧ, 72˚C( 10Òª˞Bʉ%"	Ū<?" PCRȆǻB 1.5%EM��XQ�

(Ò˴ŧ�J_WH{q�yGdƾʀ,;=ǄÑ�"	±ȇ�"r�Gy�B¥�,Ȧ�	 

 

Forward primer  

for wild type allele (F3) : 5’-TCCTGAGGCAAAAGTGGAAA-3’ 

for mutant allele (F4)  : 5’-GAGATGGCGCAACGCAATTAAT-3’ 

 Reverse primer (R3)   : 5’-GGCTGAAATAGCCCACCTTT-3’ 

 

�II-3��E�]G{ PCR 

yHXɯɸ�<- total RNA-ƈÑ�ʾʲÌ��;0RNaseÐȂ.�I-2�,Ǯ�'ʉ%

"	�E�]G{ PCR.�StepOnePlusTM Real-Time PCR system̏ Life Technologies ,̐;=

ʉ%"	±ȇ�"mRfvt3- TaqMan® Gene Expression Assays.Mm00510189_m1(�>	 

 

�II-4�ʈ��;0ɋɗ��wp�n��FMN�;0 FADǴŜ-ǬĴ 

ÑȅŢƪ-yHX;=ʈǤ�;0ɋɗ̏ɮ�ůɸ�ɤ�ɯɸ�ɡɸ̐BƑõ�"	ʈǤ

.ˉůÒ˴ŧ-ʈǲBT�r�)�"	ɋɗ,ˣ�'.�9 ·˘-ȅȂ̄ĝǗ�(�x�

c��v}WeGU�Bȇ�'v}Wh�cB°ʏ��ˉůŧ-Ò˴�ǨBT�r�)�

'ȇ�"	úT�r�,Ļ�'ȷ˘-|]i��Bá�'˷ə�"ŧ,ˉů�>�)(�

˩]�lOBʉ%"	ˉůŧ-�ǨB�ʈǲ,ˣ�'. 20·ŏ˔�ůɸ�ɤ�ɯɸ�ɡɸ

,ˣ�'. 5·ŏ˔�"	ɮ-�Ǩ.ŏ˔��,ȇ�"	�?<BRX}eGXpF�]

�W̏0.45 µm�Nacalai Tesque̐Bˀ�"ŧ�20 µLBHPLC,;>Ĵ˘,ȇ�"	HPLC

ǬĴ.�I-5�,Ǯ�'ʉ%"	 

 

�II-5�ł�P�]�˓ǴŜ-ǬĴ 

ÑȅŢƪ-yHX;=ɶɩłBďô��10 µL�-P�]�˓ǴŜBGCMSǛ,;=Ǭ

Ĵ�"	ǬĴ.�ǁş§ȧňǞaOi�T�_,īʙ�"	 
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�II-6�In situ hybridization 

 ĨĬ 17.5ƪ̎-C57BL/6˳ŲyHXBȇ�"	�I-7�̏ 1̐,Ǯ�"ƧǛ(ĔĴ�0,ç

ĘBʉ��ɧș-ʄÓÓǺB°ʏ�"	 

 r��qˏÔ�;0ƾʀƃ˾.�I-7�,ʚʴ�"ˀ=(�>	 

 

�II-7��wp�n�ɧÃȭʉ-ʝµ 

Wyrwoll<-ƧǛ 77BĚ,�¥�-ʒ̀(ʉ%"	Rfvt3+/-yHXˢ(�Ư�ˏ���ɜ

ƶr�P_I`O,;=�Ł-ſȳBȤʡ�"	ĨĬ 16ƪȚ-ǔʔyHXB Pentobarbital

̏50 mg/kg̐̍ː�(ŋĥɵ˷ɬ,Lf~��V��ƃʊBʉ%"	+��Lf~���

,.�8 heparin̏100 IU/mL̐Bǭ"�"	ŋĥɵ˷ɬ;=[3H]�wp�n�̏500 nM�

10 mL/kg̐BȟƮƅ���5Òŧ,ɳˍĥåɬ;=ÅƑʈBʉ��)(ŅǓ��ˁ:�,

ɧș�;0ɧÃBƙÑ�"	ɧÃ-Ł;= REDExtract-N-AmpTM Tissue PCR Kit

̏Sigma-Aldrich̐Bȇ�'Qi{ DNA BƈÑ���II-2�̏ 3̐,Ǯ�'ɧÃ-WIi]G

rBÖĴ�"	ɧÃ. 4·˘-ȅȂ̄ĝǗ�(�x�c��v}WeGU�Bȇ�'v}

Wh�c�"	 -ŧ SOLVABLȄPerkinElmer̐�,ĳÅ,ǯʖ���Ǥ¯V�_��

V��LH�]�,;=ƟĽǟŲBǬĴ�"	 
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ƸȢȱ-Éĸ.�¥�-ʣƤ,Ȕʋ�"	 

 

 

Functional involvement of RFVT3/SLC52A3 in intestinal riboflavin absorption 

  Am J Physiol Gastrointest Liver Physiol 306: G102-G110, 2014 

 

 

Riboflavin transporter RFVT3/SLC52A3 is essential for neonatal survival 

  Manuscript in preparation 
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