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Comparison of complete nuclear receptor sets from the human,
Caenorhabditis elegans and Drosophila genomes
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Abstract

Background: The availability of complete genome sequences enables all the members of a gene
family to be identified without limitations imposed by temporal, spatial or quantitative aspects of
mRNA expression. Using the nearly completed human genome sequence, we combined in silico
and experimental approaches to define the complete human nuclear receptor (NR) set. This
information was used to carry out a comparative genomic study of the NR superfamily.

Results: Our analysis of the human genome identified two novel NR sequences. Both these
contained stop codons within the coding regions, indicating that both are pseudogenes. One
(HNF4γ-related) contained no introns and expressed no detectable mRNA, whereas the other
(FXR-related) produced mRNA at relatively high levels in testis. If translated, the latter is predicted
to encode a short, non-functional protein. Our analysis indicates that there are fewer than 50
functional human NRs, dramatically fewer than in Caenorhabditis elegans and about twice as many as
in Drosophila. Using the complete human NR set we made comparisons with the NR sets of
C. elegans and Drosophila. Searches for the >200 NRs unique to C. elegans revealed no human
homologs. The comparative analysis also revealed a Drosophila member of NR subfamily NR3,
confirming an ancient metazoan origin for this subfamily.

Conclusions: This work provides the basis for new insights into the evolution and functional
relationships of NR superfamily members.
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Figure 1
Amino acid alignments of the novel NR sequences FXR-r
and HNF4γ-r. (a) FXR-r amino acid alignment with FXR
(NR1H4). The nucleotide sequences from complete and
ordered clone AL358372 contained eight fragments with
amino acid sequence similarity with FXR (from 5′-3′ relative
to FXR-r, nucleotide positions 13144-13480; 15053-15199;
21541-21672; 21781-21879; 22015-22115; 23681-23795;
24486-23795; 27041-27262). The positions of the intron
gaps within FXR-r and FXR are boxed. Positions of
termination codons within FXR-r are indicated by an
asterisk. (b) HNF4γ-r amino acid alignment with HNF4γ
(NR2A2). The complete and ordered clones AL449103 and
AL138997 contained contiguous HNF4γ-r sequence. Seven
frameshifts (indicated by asterisks) were required to
preserve the reading frame of HNF4γ-r relative to HNF4γ.
Intron locations in the HNF4γ gene are boxed.

 *            *
           MNT  NSLICLFAICESRATGKHCGASSCGGCKGFFRCSICKSNVYSCRFRRQCFVDKAK
                N + CL AIC  RATGKH GAS+C GCKGFFR SI KS++YSCRF RQC VDK K
HNF4γ 1      MNTTDNGVNCLCAICGDRATGKHYGASTCDGCKGFFRRSIRKSHIYS CRFSRQCVVDKDK

                            *
           RNQCRYSQLRKCFRAGMEKEVVHNECNRTSTRRSTCDGSNIPSINTLAQAEVLSCQISVS
           RNQCRY +LRKCFRAGM+KE V NE +R STRRST DGSNIPSINTLAQAEV S QISVS
HNF4γ 61     RNQCRYCRLRKCFRAGMKKEAVQNERDRISTRRSTFDGSNIPSINTLAQAEVRSR QISVS

                           *
           SLGASTDIHVKKSV--GDVCEFLKQQLLVLVEWAKYIPAFCQLPLDDKVALLRYHAGEHL
           S G+STDI+VKKS+  GDVCE +KQQLLVLVEWAKYIPAFC+LPLDD+VALLR HAGEHL
HNF4γ 121    SPGSSTDINVKKIASIGDVCESMKQQLLVLVEWAKYIPAFCELPLD DQVALLRAHAGEHL

           *
           LPGAIKRSMMYKDILLLGNNYIIHCNSCEFEISSVISRVLVELVQPFQEIQ---------
           L GA KRSMMYKDILLLGNNY+IH NSCE EIS V +RVL ELV+PFQEIQ
HNF4γ 181     LLGATKRSMMYKDILLLGNNYVIHRNSCEVEISRVANRVLDELVRPFQEIQIDDNEYACL

           *                                         *
           KAIVFFGPDVKGL-DPINIKNMQFQGRMGLENSVNDL-----GRFGELLLLLPTLLRIIW
           KAI FF PD KGL DP+ IKNM+FQ ++GLE+ +NDR     GRFGELLLLLPTL  I W
HNF4γ 241    KAIVFFDPDAKGLSDPVKIKNMRFQVQIGLEDYINDRQYDSRGRFGELLLLLPTLQSITW

                             *
           QMIEQI-FVKTFAV----HLLQEML-NGASNDSSHLHHPIHPHSSQDPLTGQTVLLGPMY
           QMIEQI FVK F +    +LLQEML  GASND SHLHHP+HPH SQDPLTGQT+LLGPM
HNF4γ 301    QMIEQIQFVKLFGMVKIDNLLQEMLL GGASNDGSHLHHPMHPHLSQDPLTGQTILLGPMS

                    *
           TLV------TPETPLPSPPQG--QEDYRTATNQASVISHQPLFKQKQL
           TLV      TPETPLPSPPQG  QE Y+ A NQASVISHQ L KQKQL
HNF4γ 361

    

TLVHADQISTPETPLPSPPQGSGQEQYKIAANQASVISHQHLSKQKQL

          ---------------------------ILPEQISYQLHDTHFKKSPYCQYSIAQFPPA--
                                     +L EQ+ +  L   + +  PY QYS  QFP
FXR1       MGSKMNLIEHSHLPTTDEFSFSENL FGVLTEQVAGPLGQ-NLEVEPYSQYSNVQFPQVQP

          -LQSESL*NHFNTYRLDPQD--SDGGQCGFSSRELNKPTYVVAHDAEDGYPGIKRSRPTY
           + S S  ++   Y   P++  S G    +  R +   T           P  K+ R
FXR60      QISSSSYYSNLGFYPQQPEEWYSPGI---YELRRMPAETLYQGETEVAEMPVTKKPRMGA

          SSSRNKGQEEFCVVCGDKASPSPYHYNALTCEG CIGFFSM*HQQNAVYSCRNGSHCEMDM
          S+ R KG +E CVVCGD+ AS   YHYNALTCEGC GFF     +NAVY C+NG +C MDM
FXR117     SAGRIKG-DELCVVCGDRASG--YHYNALTCEGC KGFFRRSITKNAVYKCKNGGNCVMDM

          YMRRKCQECRLKKYKAVGMLAE CLLTEIQCKLKRLQKNFKEKNHFYSNIKVEEEGVDHSF
          YMRRKCQECRL+K K +GMLAECLLTEIQCK KRL+KN K +  H    +  + EG D
FXR175     YMRRKCQECRLRKCKEMGMLAE CLLTEIQCKSKRLRKNVKQ--HADQTVNEDSEGRDLRQ

          LSSTTRPIQESMELTEEEHQLINNIVAAHQKYTIPLEET NKILQEHTNPELSFLQLSETA
          ++STT+  +E  ELT ++  L++ I+ ++ K  +P E TNKIL+E  + E +FL L+E A
FXR232     VTSTTKSCREKTELTPDQQTLLHFIMDSYNKQRMPQEITNK ILKEEFSAEENFLILTEMA

          VLHIRGLMNFTKGL PGFENLANEDQTALQKGSKTEVIFLHGAQLYSQKQSASE S------
            H++ L+ FTK LPGF+ L +EDQ AL KGS  E +FL  A+++++K  +  S
FXR292     TNHVQVLVEFTKKL PGFQTLDHEDQIALLKGSAVEAMFLRSAEIFNKKLPSGHSDLLEER

          ------------- LFYFYKRMSKLDVTNTEYALLAATIVFSGDRPCLKNKQYMENL*EPV
                       +F FYK  ++L + T  EYALL A ++ S DR  +K+++ +E L EP+
FXR352     IRNSGISDEYITPMFSFYKSIGELKMTQEEYALLTAIVILS PDRQYIKDREAVEKLQEPL

          LQILYKYSKMYHPEDP*HFAHLIWKHTELRTLNYNHSEILSTWKTKDPKLATLLSE
          L 

LDV 
+L K  K++ PE+P HFA L+ + TELRT N++H+E+L +W+  D K   LL E

FXR412

     LDV

LQKLCKIHQPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVNDHKFTPLLCEIWDVQ

(a)

(b)
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Figure 2
Relationships within the completed sets of NR superfamily members from humans, C. elegans and Drosophila. A neighbor-
joining tree of NR DNA-binding domain sequences was generated using the paupsearch feature of the GCG 10.1 program
package (1,000 bootstrap replicates, midpoint rooting); analysis methods are described in detail in Sluder et al. [5]. Significant
bootstrap support values are indicated by slashes on the appropriate branches: (/) 50-79%; (//) 80-94%; (///) ≥ 95%; branches
also supported by parsimony analysis are marked by dots; subfamilies are boxed. All human (Hs) and Drosophila (Dm) NRs are
included, except for the two human NRs that lack a canonical DBD (DAX-1 (NR0B1) and SHP (NR0B2)). The C. elegans (Ce)
sequences include all members of the six major metazoan NR subfamilies as well as selected representatives of the major
groupings of divergent C. elegans NRs evident in a larger tree containing all the nematode sequences.
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Figure 3
Amino acid alignment of Drosophila CG7404 with the sequences of human ERRα, ERRβ, and ERRγ. DmCG7404 exhibits
similarity to the human ERRs in both DNA- and ligand-binding domain sequences. Block boxes indicate residues identical in at
least two of the four sequences; gray boxes indicate similar residues. Expression of CG7407 as mRNA and the splicing
pattern has been confirmed by the recovery and sequencing of cDNA (K.K. et al., unpublished data).
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Computational identification of human NR sequences
+��"��������	��#�%���
��%�@����)��4�������%�������������	

���2��%� �4� "��� '(� 4���	#� 
��)����� �����%"� "��� �����

������� ��"�2�%�� >K!�� %�
"���� 4���� ���3���?� �%���

!3J��!'�A;B1�(�%�	"%��4��		�%�=���
����"%�@����%"����������

��9���%�� L��
	�� ��"�2�%�1� K���	����%� %�=���
�%� >"��%�

@�"����3J��!��*)�
"�"������	����4�.15���� 	�@��?�@���� "���


��)�����@�"��"�����"����=���#�'(���"��%�"��%����3J��!'

A;B1� 3#� 
���%���� "��� 
��"����� ��� "��� 2�%�%� �4� ��"���"��

�%%�%%���"� 4��� /HE� %�=���
�� ����"�"#� ����� ,.. 2�%�� )���%

>2)?��"�"�����
	��"����	���	
�@��
��	����)�"��%����"%�"������9

�����	� ���2��%� �4� "��� )��"���� 4���	#� >O2��%P?1� !��%�

%�=���
����"%�"��"�
��	����"���"���"�
�		#�2��)	�
������2��%

��� "��� 2�%�%� �4� "��� %�	�
"��� 
��"�����@���� ��"������))��� "�

�"����)��"���� 4���	��%�>�4� "�����%�=���
�%���"
���������@�

����� ��� ���3���?
� 
��%������� �%� )�"��"��		#� ����	� '(

%�=���
�%� >@���� ��#� ������%� @���� )��%��"?� ��� ������

����	����"�>�����"
��"����#"����?1�$��"�����))	����K�����

������� ����	%� >K��%?� 2��	"� ��� "��� �3�� ���� J3�

������%� �%���� "���K��8(�)�
����� A/B� "�� "��%�� )�"��"��	

����	� %�=���
�%1� !��� K�������	%� @���� �%��� 4��� 4��"���

%�2%"��"��"�������4�����	������"�)�"��"��	�����	���"%1

���%%9%)�
��%�
��)���%��%�@����)��4�������%����"���4�		�@9

���� ���	#%�%1� F��%"
� "��� K��� ����	� 4��� '(� �3�� >G49

�D1���� 4���� +4��?� ������� @�%� �%��� "�� %���
�� "��

�� ����	
� )��"���� ��"�2�%�� >�%%��2	��� ��� ���%�� 4���

���3���?� �%���� "��� K��8(� )�
����� A/B
� ���� ����"�4���

,H,��� ����	
� %�=���
�%1�!��%��,H,��� ����	
� %�=���
�%

@����
��)�����"��"���������������
�%�=���
����"�2�%��2#

"��� %���
�� %"��"��#� ��%
��2��� �2���1�'�� ����	� ������'(%

@����4�����4����"��%��%���
��%1���
���
�"����2����)��
�%%

@�%���)��"���4���"������������	 ������������������������	

������'(�%�=���
�%�@����4����1�!����
�"���������"#��4�"��

�� ����	
� '(%�@��������)�����"��"���%�24���	��%�2�%�����


��)���"����%�=���
�����	#%�%��4� "����'�92�������������

%�=���
�%� >�1�1
� ��"�� ��"� %��@�?1� !��%�� %�24���	��%� @���

�%��� "�� 2��	�� 5.� K��%1� !��%�� K��%� @���� "���� �%��� "�

%���
��"�����"�2�%���4�)����
"������������	 )��"���%�>�%"�29

	�%���� ��9���%�� 2#� �*"��
"���� 4���� ���3���?� @�"�� "��

K��8(� )�
����1� !��� %����4�
��"� ��"%� >%
���� N .15?� @���


��)����� @�"�� "��� ,5� ���@�� ���������	 '(%1� '�� ����	

���������	 '(�%�=���
�%�@����4����1

$�"����
����@��)��"���4�"���������������
���"�2�%�
�"��

%#%"������"��"�������@��������4�%���
���������4�	"�����
�
�)9

"������ �		� %�=���
�%� "��"� @���� ����	����%� ���� �%���� �

��%"��� 2��� 	�%"� "�� 4�	"��� ��"� %�=���
�%� "��"� ����2���� ����9

"�"��� �����)������%�
#
	�1�!��%��	�����"���"��������"��%�)�9

��"�� ��"� �		� ��@� %�=���
�%� ��� "�����"�2�%�� �"� ��
���)��"�1

!������	#%�%� �������@�%�@��""��� ���+��	1���������))	�"�@�%

�%����%�"����%��P%��������"��4�
��"��"������	#%�%�����������

"��� �����	#���� L��
	�� ��"�2�%�1� 7"� @�%� ��2������ ��� ��

K!�J� )���� 4���� @��
�� �%��%� 
��	�� ���@� "��� %�=���
�

��
���� 2#� 	������� "�� "��� ��9���%�� ���� )�2	�
� ��"�2�%�%� �%

@�		��%��		� "���%�=���
��������������	������"%1��%���	���9

"�����4� ����2����4����"�
� %���
�� "��	%
� D;��4� "���D/����@�

'(� %�=���
�%� ��� "��� ������� >��
	������ "��� 8((� )%����9

����?� @���� 4����1� !��� ����� ��)��%��"���� "��� ��(� '(

>'(576?� �%� %"�		� �2%��"� 4���� ����9"������)�"� ������


%�=���
����"�2�%�%1

Genomic DNA analysis of novel human NR sequences 
���4����"�����4� �

������ ��
	��"����%�=���
��@�%�)��4�����

2#�%�=���
��������� ��������γ�� ������
��'��4������"%

��)	�4����2#�+�(1�+�(�)�����%�@������%�������%�������3���

�

�%%���� ���2��%� �J6H;6-,� >�����?� ���� �J56;//-

>����γ��?1������&�H′9�!!�����!�������!�!��������96′
����H′9�!�������!��!!����������!��96′
�)����
"�%�G��H::
2)
�����γ��Q� H′9���� !!�� �!!� !�!� ���� !�!� !�� 96′ ���
H′9!��� !�!� �!�� ���� ���� ��96′ )����
"� %�G�� 5
,.H 2)1

!��%��)�����%�@�����%���"����)	�4#�5..�����	��"�
��������


�'�� �%���� ��)	�"�=� ��	�� >+8� 3��%#%"��%?� �%���� %"������

+�(� ��)	�4�
�"���� 
����"���%1� �'�� %�=���
���� @�%� )��9

4������2#�"����	�*����"��	����
����%�=���
����4�
�	�"#1

6 Genome Biology Vol 2 No 8 ���	�
����
	��



mRNA expression analysis
K�����"�%%��%�@������������4����%��)�4��G���%����
�	�%)�
�9

���%� >����� 0�����%�"#
� ������
� '�?1� !�"�	� ('�� @�%

�*"��
"����%����M������('��%#���"%��

�������"��"���%�))	�9

��P%�)��"�
�	1������"�"�	�('�%�@�����2"������4����
�����9


��	� ������%� %�
�� �%��	��"�
�� >+�	���	"�
� ��?� ����R��93��

>(�%���
��!�����	��+���
�'�?1�!����*���G��"���%��%�"���"#��4

"���=���"�"�"�����4�"���%
��)"%
� �"�@�%�
��"�
�	�"����%����"��"

"����� @�%� ��� 
��"�����"���� ������
� �'�1� !��� ('�� @�%

"���"���@�"�����%���%������2����(��%�94�����'�%�1�844�
9

"�����%%��4� "����'�%��"���"���"�@�%�
��4������2#��������

+�(�@�"��������β9�
"���)�����%� ��� "����2%��
���4� �����%�

"���%
��)"�%�
� "�� ��%���� ��� %����	� @�%� ��"�
"��1� !��� ('�

@�%�"����=���"�"�"����%����"���('�9%)�
�4�
�(�2��������#�

>��	�
�	���+��2�%?
�����,H ����	�=��"�����"����/:9@�		�)	�"�

4����"1�!��=���"�"�"���('���*)��%%���
�(!M9+�(�@�%�)��9

4������ �%���� ��� �37� +(7��� --..� ��=���
�� ��"�
"���

�#%"�����%"�����"�����%�4"@����>+8��))	����3��%#%"��%?��%

��%
��2��� A,.
,5B1� ����9%)�
�4�
� )�����% @���� %#�"��%�G��

>��#%"���
�������		�
���?� 4��� "��� %�=���
�%������ >�

�%9

%���� ���2��� �J6H;6-,?� ��������γ�� >�

�%%���� ���2��

�J56;//-?1�

References 
1. Rubin GM, Yandell MD, Wortman JR, Gabor Miklos GL, Nelson CR,

Hariharan IK, Fortini ME, Li PW, Apweiler R, Fleischmann W, et al.:
Comparative genomics of the eukaryotes. Science 2000,
287:2204-2215.

2. The Arabidopsis Genome Initiative: Analysis of the genome
sequence of the flowering plant Arabidopsis thaliana. Nature
2000, 408:796-815.

3. Giguere V: Orphan nuclear receptors: from gene to function.
Endocr Rev 1999, 20:689-725.

4. McKenna NJ, Lanz RB, O’Malley BW: Nuclear receptor coregula-
tors: cellular and molecular biology. Endocr Rev 1999, 20:321-
344.

5. Sluder AE, Mathews SW, Hough D, Yin VP, Maina CV: The nuclear
receptor superfamily has undergone extensive proliferation
and diversification in nematodes. Genome Res 1999, 9:103-120.

6. Enmark E, Gustafsson J: Nematode genome sequence dramati-
cally extends the nuclear receptor superfamily. Trends Phar-
macol Sci 2000, 21:85-87.

7. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Ama-
natides PG, Scherer SE, Li PW, Hoskins RA, Galle RF, et al.: The
genome sequence of Drosophila melanogaster. Science 2000,
287:2185-2195. 

8. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ: Gapped BLAST and PSI-BLAST: a new genera-
tion of protein database search programs. Nucleic Acids Res
1997, 25:3389-3402.

9. Eddy SR: Hidden Markov models. Curr Opin Struct Biol 1996,
6:361-365.

10. Danielian PS, White R, Lees JA, Parker MG: Identification of a
conserved region required for hormone dependent tran-
scriptional activation by steroid hormone receptors. EMBO J
1992, 11:1025-1033.

11. Tchenio T, Segal-Bendirdjian E, Heidmann T: Generation of
processed pseudogenes in murine cells. EMBO J 1993, 12:1487-
1497.

12. Sladek R, Beatty B, Squire J, Copeland NG, Gilbert DJ, Jenkins NA,
Giguere V: Chromosomal mapping of the human and murine
orphan receptors ERRalpha (ESRRA) and ERRbeta (ESRRB)
and identification of a novel human ERRalpha-related
pseudogene. Genomics 1997, 45:320-326.

13. Laudet V, Hanni C, Coll J, Catzeflis F, Stehelin D: Evolution of the
nuclear receptor gene superfamily. EMBO J 1992, 11:1003-
1013.

14. Laudet V: Evolution of the nuclear receptor superfamily:
early diversification from an ancestral orphan receptor. J Mol
Endocrinol 1997, 19:207-226.

15. Escriva H, Safi R, Hanni C, Langlois MC, Saumitou-Laprade P, Stehe-
lin D, Capron A, Pierce R, Laudet V: Ligand binding was
acquired during evolution of nuclear receptors. Proc Natl Acad
Sci USA 1997, 94:6803-6308. 

16. Aguinaldo AM, Turbeville JM, Linford LS, Rivera MC, Garey JR, Raff
RA, Lake JA: Evidence for a clade of nematodes, arthropods
and other moulting animals. Nature 1997, 387:489-493.

17. Fitch DHA, Thomas WK: Evolution. In C. elegans II. Edited by
Riddle DL, Blumenthal T, Meyer BJ and Priess JR. Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press, 1997;
815-850.

18. The Nuclear Receptors Committee: A unified nomenclature
system for the nuclear receptor superfamily. Cell 1999,
97:161-163.

19. Robyr D, Wolffe AP, Wahli W: Nuclear hormone receptor
coregulators in action: diversity for shared tasks. Mol
Endocrinol 2000, 14:329-347.

20. Gibson UE, Heid CA, Williams PM: A novel method for real
time quantitative RT-PCR. Genome Res 1996, 6:995-1001.

21. Heid CA, Stevens J, Livak KJ, Williams PM: Real time quantitative
PCR. Genome Res 1996, 6:986-994.

co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2001/2/8/research/0029.7


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Materials and methods
	Computational identification of human NR sequences
	Genomic DNA analysis of novel human NR sequences
	mRNA expression analysis

	References

