


























retina compared to normal retina. Rd1 neural retinas were
compared at age P33, and loss of over 99.7% of rod
photoreceptors and 50% of cone photoreceptors was
confirmed by gene expression analysis of NRL and M-opsin
(data not shown). Relative expression of Slc25a33 and
Lpcat1 was reduced by half in Rd1 retinas, indicating
relatively high expression in photoreceptor neurons. Relative
expression in photoreceptors was much higher for Arl4d and
Ccdc126; their overall retinal expression was diminished by
90% in Rd1 retinas compared to normal retinas.

RNA-Polymerase-II ChIP-on-chip analysis of the
Rhodopsin promoter: An additional benefit of high-resolution
ChIP-on-chip data are the ability to visualize differences in
Pol-II association along adjacent portions of the DNA
sequence. This geographic interpretation can reveal
mechanistic clues pertaining to specific gene promoters or
alternate promoters. Regions of maximal Pol-II signal can
reveal promoter sequences that are brought into close
proximity within the DNA/protein complex of the
enhanceosome. Upstream enhancers and the TSS can come
into close proximity through interactions of proteins in the
activating promoter complex, resulting in the formation of
chromatin loops [51]. In cell culture estrogen receptor
activates the CTSD gene with the concomitant formation of a
chromatin loop, which brings a distal upstream enhancer
region into close proximity to the TSS. As a result, Pol-II maps
by ChIP at both the distal enhancer and the TSS of the
activated Cathepsin D (CTSD) gene [52]. A detailed
examination of our Rho Pol-II ChIP-on-chip data suggested
that similar loop mechanisms can also exist in native tissues.

High-resolution plots of Pol-II association for Rho are
presented in Figure 6A. Two Pol-II signal maxima were noted
to correspond to the Rhodopsin proximal promoter region
(RPPR) and the upstream Rhodopsin enhancer region (RER)

[53-57]. Both regions bind nuclear proteins from neural retina
and are involved in the activation and enhancement of Rho
promoter activity. The RPPR is essential for activation by the
transcription factors NRL and CRX [58-60]. Several DNA
sequence elements in this 500-bp region bind transcriptional
proteins in vitro. These include the NRL response element that
is present in several rod-specific genes: RHO, PDE6B, a-
PDE, and GNAT1 [59-70]. NRL synergistically co-activates
the Rho promoter with CRX, and these two proteins directly
interact [58,66,71]. Several homeobox transcription factors,
Retina and anterior neural fold homeobox−2 (RAX2), Retina
and anterior neural fold homeobox (RAX), and Cone-rod
homeobox (CRX), can bind to the Ret-1/photoreceptor
conserved element-1 (PCE-1) DNA-sequence element of the
RPPR and also enhance activity of the promoter [67,72,73].
NRL and CRX can directly bind FIZ1. FIZ1 ChIP-on-chip
resulted in a maximum FIZ1 signal corresponding to this
NRL- and CRX-binding region (Figure 6A).

While the RPPR is sufficient for activation, maximal
expression of the rhodopsin gene requires the RER, which is
a conserved region (about 100 bp) found 1.5–2 kb upstream
of the TSS, depending on the species [63]. The bimodal
distribution of Pol-II association at the Rho promoter suggests
the formation of an activating chromatin loop between the
RER and RPPR regions in vivo. (Figure 6B)

Conclusions: We have analyzed the activation of
thousands of genes during terminal maturation of a neural
tissue using ChIP-on-chip to map Pol-II association around
TSSs. Relative increases in Pol-II binding could accurately
predict genes activated during maturation of photoreceptors
in the retina. Pol-II ChIP-on-chip detected the activation of
several hundred genes in addition to those known from
previous expression microarrays analysis. These represent a
substantial and novel source of candidate genes that support

TABLE 5. SOME EXAMPLES OF GENE ACTIVATION INCREASES PREDICTED BY POL-II CHIP-ON-CHIP, WHICH HAVE HUMAN HOMOLOGS LOCATED IN MAPPED INTERVALS OF UNIDENTIFIED

RETINAL DISEASES.

mRNA expression P2 versus
   P25 mouse neural retina
              (±SD, n=3)

mRNA expression normal versus
       Rd1 mouse neural retina
                  (±SD, n=3)

Human disease (location)
Human gene

name

Pol-II peak signal
ratio mouse

homolog (P25/P2) P2 P25 Normal (P33) Rd1 (P33)

LCA9(1p36) SLC25A33 2 1.00±0.07 7.1±0.1† 1.00±0.06 0.49±0.01†
MCDR3(5p15.33-p13.1) LPCAT1 2.2 1.00±0.03 3.5±0.4† 1.00±0.01 0.55±0.05†
MDDC, CYMD (7p21-p15) CCDC126 3.2 1.0±0.1 26.1±0.2† 1.00±0.04 0.09±0.03†
CORD4(17q) ‡ ARL4D 3.6 1.0±0.2 127±11† 1.00±0.04 0.12±0.01†

Pol-II peak signal ratios (P25/P2) are derived from ChIP-on-Chip data and predicted gene activation (≥1.8). Relative gene
expression was then examined by real time PCR (Taqman) comparing P25 and P2 normal retina. Gene expression was also
compared between normal retinas (P33) and Rd1  retinas (P33) that had lost >99.7% of their rod-photoreceptors. † p<0.001, t-
test. LCA9 (recessive Leber congenital amaurosis, Type 9); MCDR3 (dominant macular dystrophy-3); MDDC, CYMD
(dominant macular dystrophy cystoid); CORD4 (cone rod dystrophy) ‡ location by estimation, not yet mapped.

Molecular Vision 2010; 16:252-271 <http://www.molvis.org/molvis/v16/a32> © 2010 Molecular Vision

265



retinal function. Many of the genes also have human
homologs located within the mapped intervals of currently
unidentified human retinal diseases, which we continue to
explore. Unlike many genes in embryonic stem cells, genes
activated during terminal maturation of photoreceptors did not
appear to be preloaded with inactive Pol-II. High-resolution
mapping of Pol-II association can also reveal gene-specific
promoter activation mechanisms. One example is the
involvement of the upstream enhancer region in the activated
Rho promoter complex. Genome-wide maps of Pol-II

association around TSSs in a mammalian retina (mouse)
provide a new resource for correlation to expression data.
These maps are also viewable in the UCSC Genome
Browser and EyeBrowse as a shared resource.
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program around the Rho transcription start site (TSS), including the rhodopsin proximal promoter region (RPPR) and the upstream rhodopsin
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Two regions of maximum Pol-II signal corresponded to the RPPR and RER regions of the promoter. The FIZ1 ChIP signal maximum also
corresponded to the RPPR. B: While the RPPR is sufficient for gene activation, the RER is required for maximum activity. Transcription
factors shown to enhance Rho expression can bind to sequences in the RER, about 2,500 bp upstream of the RPPR. The Pol-II ChIP-on-chip
pattern is consistent with a DNA loop model where distal enhancer regions (the RER) become integrated with the gene’s RPPR in the full
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Molecular Vision 2010; 16:252-271 <http://www.molvis.org/molvis/v16/a32> © 2010 Molecular Vision

266

http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://eyebrowse.cit.nih.gov/
http://www.molvis.org/molvis/v16/a32


discussions regarding active Pol-II analysis. This work was
supported by NIH grants R01EY014626 (K.M.),
R24EY014803 (Eye Research Institute, Oakland University),
and an OU-Beaumont Hospital Multidisciplinary Research
Award (K.P.M.).

REFERENCES
1. Komashko VM, Acevedo LG, Squazzo SL, Iyengar SS,

Rabinovich A, O'Geen H, Green R, Farnham PJ. Using ChIP-
chip technology to reveal common principles of
transcriptional repression in normal and cancer cells. Genome
Res 2008; 18:521-32. [PMID: 18347325]

2. Cepko CL. The patterning and onset of opsin expression in
vertebrate retinae. Curr Opin Neurobiol 1996; 6:542-6.
[PMID: 8794108]

3. Kuras L, Struhl K. Binding of TBP to promoters in vivo is
stimulated by activators and requires Pol II holoenzyme.
Nature 1999; 399:609-13. [PMID: 10376605]

4. Krumm A, Meulia T, Groudine M. Common mechanisms for
the control of eukaryotic transcriptional elongation.
Bioessays 1993; 15:659-65. [PMID: 8274141]

5. Saunders A, Core LJ, Lis JT. Breaking barriers to transcription
elongation. Nat Rev Mol Cell Biol 2006; 7:557-67. [PMID:
16936696]

6. Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA.
A chromatin landmark and transcription initiation at most
promoters in human cells. Cell 2007; 130:77-88. [PMID:
17632057]

7. Mali RS, Peng GH, Zhang X, Dang L, Chen S, Mitton KP. FIZ1
is part of the regulatory protein complex on active
photoreceptor-specific gene promoters in vivo. BMC Mol
Biol 2008; 9:87. [PMID: 18854042]

8. Mali RS, Zhang X, Hoerauf W, Doyle D, Devitt J, Loffreda-
Wren J, Mitton KP. FIZ1 is expressed during photoreceptor
maturation, and synergizes with NRL and CRX at rod-
specific promoters in vitro. Exp Eye Res 2007; 84:349-60.
[PMID: 17141759]

9. Peng GH, Chen S. Crx activates opsin transcription by
recruiting HAT-containing co-activators and promoting
histone acetylation. Hum Mol Genet 2007; 16:2433-52.
[PMID: 17656371]

10. Wang Q, Chen Q, Zhao K, Wang L, Traboulsi EI. Update on
the molecular genetics of retinitis pigmentosa. Ophthalmic
Genet 2001; 22:133-54. [PMID: 11559856]

11. Labhart P, Karmakar S, Salicru EM, Egan BS, Alexiadis V,
O'Malley BW, Smith CL. Identification of target genes in
breast cancer cells directly regulated by the SRC-3/AIB1
coactivator. Proc Natl Acad Sci USA 2005; 102:1339-44.
[PMID: 15677324]

12. Ferguson GD, Jensen-Pergakes K, Wilkey C, Jhaveri U,
Richard N, Verhelle D, De Parseval LM, Corral LG, Xie W,
Morris CL, Brady H, Chan K. Immunomodulatory drug
CC-4047 is a cell-type and stimulus-selective transcriptional
inhibitor of cyclooxygenase 2. J Clin Immunol 2007;
27:210-20. [PMID: 17308870]

13. Alexiadis V, Ballestas ME, Sanchez C, Winokur S,
Vedanarayanan V, Warren M, Ehrlich M. RNAPol-ChIP
analysis of transcription from FSHD-linked tandem repeats
and satellite DNA. Biochim Biophys Acta 2007;
1769:29-40. [PMID: 17239456]

14. Krishnamurthy S, He X, Reyes-Reyes M, Moore C, Hampsey
M. Ssu72 Is an RNA polymerase II CTD phosphatase. Mol
Cell 2004; 14:387-94. [PMID: 15125841]

15. Palancade B, Bellier S, Almouzni G, Bensaude O. Incomplete
RNA polymerase II phosphorylation in Xenopus laevis early
embryos. J Cell Sci 2001; 114:2483-9. [PMID: 11559756]

16. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF,
Agarwal P, Agarwala R, Ainscough R, Alexandersson M, An
P, Antonarakis SE, Attwood J, Baertsch R, Bailey J, Barlow
K, Beck S, Berry E, Birren B, Bloom T, Bork P, Botcherby
M, Bray N, Brent MR, Brown DG, Brown SD, Bult C, Burton
J, Butler J, Campbell RD, Carninci P, Cawley S, Chiaromonte
F, Chinwalla AT, Church DM, Clamp M, Clee C, Collins FS,
Cook LL, Copley RR, Coulson A, Couronne O, Cuff J,
Curwen V, Cutts T, Daly M, David R, Davies J, Delehaunty
KD, Deri J, Dermitzakis ET, Dewey C, Dickens NJ, Diekhans
M, Dodge S, Dubchak I, Dunn DM, Eddy SR, Elnitski L,
Emes RD, Eswara P, Eyras E, Felsenfeld A, Fewell GA,
Flicek P, Foley K, Frankel WN, Fulton LA, Fulton RS, Furey
TS, Gage D, Gibbs RA, Glusman G, Gnerre S, Goldman N,
Goodstadt L, Grafham D, Graves TA, Green ED, Gregory S,
Guigó R, Guyer M, Hardison RC, Haussler D, Hayashizaki
Y, Hillier LW, Hinrichs A, Hlavina W, Holzer T, Hsu F, Hua
A, Hubbard T, Hunt A, Jackson I, Jaffe DB, Johnson LS,
Jones M, Jones TA, Joy A, Kamal M, Karlsson EK, Karolchik
D, Kasprzyk A, Kawai J, Keibler E, Kells C, Kent WJ, Kirby
A, Kolbe DL, Korf I, Kucherlapati RS, Kulbokas EJ, Kulp D,
Landers T, Leger JP, Leonard S, Letunic I, Levine R, Li J, Li
M, Lloyd C, Lucas S, Ma B, Maglott DR, Mardis ER,
Matthews L, Mauceli E, Mayer JH, McCarthy M, McCombie
WR, McLaren S, McLay K, McPherson JD, Meldrim J,
Meredith B, Mesirov JP, Miller W, Miner TL, Mongin E,
Montgomery KT, Morgan M, Mott R, Mullikin JC, Muzny
DM, Nash WE, Nelson JO, Nhan MN, Nicol R, Ning Z,
Nusbaum C, O'Connor MJ, Okazaki Y, Oliver K, Overton-
Larty E, Pachter L, Parra G, Pepin KH, Peterson J, Pevzner
P, Plumb R, Pohl CS, Poliakov A, Ponce TC, Ponting CP,
Potter S, Quail M, Reymond A, Roe BA, Roskin KM, Rubin
EM, Rust AG, Santos R, Sapojnikov V, Schultz B, Schultz J,
Schwartz MS, Schwartz S, Scott C, Seaman S, Searle S,
Sharpe T, Sheridan A, Shownkeen R, Sims S, Singer JB,
Slater G, Smit A, Smith DR, Spencer B, Stabenau A, Stange-
Thomann N, Sugnet C, Suyama M, Tesler G, Thompson J,
Torrents D, Trevaskis E, Tromp J, Ucla C, Ureta-Vidal A,
Vinson JP, Von Niederhausern AC, Wade CM, Wall M,
Weber RJ, Weiss RB, Wendl MC, West AP, Wetterstrand K,
Wheeler R, Whelan S, Wierzbowski J, Willey D, Williams S,
Wilson RK, Winter E, Worley KC, Wyman D, Yang S, Yang
SP, Zdobnov EM, Zody MC, Lander ES. Initial sequencing
and comparative analysis of the mouse genome. Nature 2002;
420:520-62. [PMID: 12466850]

17. Bachman KM, Balkema GW. Developmental expression of a
synaptic ribbon antigen (B16) in mouse retina. J Comp Neurol
1993; 333:109-17. [PMID: 8340492]

18. Rich KA, Zhan Y, Blanks JC. Migration and synaptogenesis of
cone photoreceptors in the developing mouse retina. J Comp
Neurol 1997; 388:47-63. [PMID: 9364238]

19. Geisert EE, Lu L, Freeman-Anderson NE, Templeton JP, Nassr
M, Wang X, Gu W, Jiao Y, Williams RW. Gene expression
in the mouse eye: an online resource for genetics using 103

Molecular Vision 2010; 16:252-271 <http://www.molvis.org/molvis/v16/a32> © 2010 Molecular Vision

267

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18347325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8794108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8794108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10376605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8274141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16936696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16936696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17632057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17632057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18854042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17141759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17141759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17656371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17656371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11559856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15677324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15677324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17308870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17239456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15125841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11559756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12466850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8340492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9364238
http://www.molvis.org/molvis/v16/a32


strains of mice. Mol Vis 2009; 15:1730-63. [PMID:
19727342]

20. Roesch K, Jadhav AP, Trimarchi JM, Stadler MB, Roska B, Sun
BB, Cepko CL. The transcriptome of retinal Müller glial cells.
J Comp Neurol 2008; 509:225-38. [PMID: 18465787]

21. Huang, da W.; Sherman, BT.; Lempicki, RA. Bioinformatics
enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res 2009;
37:1-13. [PMID: 19033363]

22. Huang, da W.; Sherman, BT.; Stephens, R.; Baseler, MW.;
Lane, HC.; Lempicki, RA. DAVID gene ID conversion tool.
Bioinformation 2008; 2:428-30. [PMID: 18841237]

23. Huang, da W.; Sherman, BT.; Lempicki, RA. Systematic and
integrative analysis of large gene lists using DAVID
bioinformatics resources. Nat Protocols 2009; 4:44-57.

24. Dennis G, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC,
Lempicki RA. DAVID: Database for Annotation,
Visualization, and Integrated Discovery. Genome Biol 2003;
4:3.

25. Akimoto M, Cheng H, Zhu D, Brzezinski JA, Khanna R,
Filippova E, Oh EC, Jing Y, Linares JL, Brooks M, Zareparsi
S, Mears AJ, Hero A, Glaser T, Swaroop A. Targeting of GFP
to newborn rods by Nrl promoter and temporal expression
profiling of flow-sorted photoreceptors. Proc Natl Acad Sci
USA 2006; 103:3890-5. [PMID: 16505381]

26. Zhang SS, Xu X, Liu MG, Zhao H, Soares MB, Barnstable CJ,
Fu XY. A biphasic pattern of gene expression during mouse
retina development. BMC Dev Biol 2006; 6:48. [PMID:
17044933]

27. Dorrell MI, Aguilar E, Weber C, Friedlander M. Global gene
expression analysis of the developing postnatal mouse retina.
Invest Ophthalmol Vis Sci 2004; 45:1009-19. [PMID:
14985324]

28. de Carvalho Aguiar P, Sweadner KJ, Penniston JT, Zaremba J,
Liu L, Caton M, Linazasoro G, Borg M, Tijssen MA,
Bressman SB, Dobyns WB, Brashear A, Ozelius LJ.
Mutations in the Na+/K+ -ATPase alpha3 gene ATP1A3 are
associated with rapid-onset dystonia parkinsonism. Neuron
2004; 43:169-75. [PMID: 15260953]

29. Bok D, Galbraith G, Lopez I, Woodruff M, Nusinowitz S.
BeltrandelRio H, Huang W, Zhao S, Geske R, Montgomery
C, Van Sligtenhorst I, Friddle C, Platt K, Sparks MJ, Pushkin
A, Abuladze N, Ishiyama A, Dukkipati R, Liu W, Kurtz I.
Blindness and auditory impairment caused by loss of the
sodium bicarbonate cotransporter NBC3. Nat Genet 2003;
34:313-9. [PMID: 12808454]

30. Mykytyn K, Braun T, Carmi R, Haider NB, Searby CC, Shastri
M, Beck G, Wright AF, Iannaccone A, Elbedour K, Riise R,
Baldi A, Raas-Rothschild A, Gorman SW, Duhl DM,
Jacobson SG, Casavant T, Stone EM, Sheffield VC.
Identification of the gene that, when mutated, causes the
human obesity syndrome BBS4. Nat Genet 2001;
28:188-91. [PMID: 11381270]

31. Strom TM, Nyakatura G, Apfelstedt-Sylla E, Hellebrand H,
Lorenz B, Weber BH, Wutz K, Gutwillinger N, Rüther K,
Drescher B, Sauer C, Zrenner E, Meitinger T, Rosenthal A,
Meindl A. An L-type calcium-channel gene mutated in
incomplete X-linked congenital stationary night blindness.
Nat Genet 1998; 19:260-3. [PMID: 9662399]

32. Janecke AR, Thompson DA, Utermann G, Becker C, Hübner
CA, Schmid E, McHenry CL, Nair AR, Rüschendorf F,
Heckenlively J, Wissinger B, Nürnberg P, Gal A. Mutations
in RDH12 encoding a photoreceptor cell retinol
dehydrogenase cause childhood-onset severe retinal
dystrophy. Nat Genet 2004; 36:850-4. [PMID: 15258582]

33. Fingert JH, Oh K, Chung M, Scheetz TE, Andorf JL, Johnson
RM, Sheffield VC, Stone EM. Association of a novel
mutation in the retinol dehydrogenase 12 (RDH12) gene with
autosomal dominant retinitis pigmentosa. Arch Ophthalmol
2008; 126:1301-7. [PMID: 18779497]

34. Dietrich K, Jacobi FK, Tippmann S, Schmid R, Zrenner E,
Wissinger B, Apfelstedt-Sylla E. A novel mutation of the RP1
gene (Lys778ter) associated with autosomal dominant
retinitis pigmentosa. Br J Ophthalmol 2002; 86:328-32.
[PMID: 11864893]

35. Dryja TP, McGee TL, Berson EL, Fishman GA, Sandberg MA,
Alexander KR, Derlacki DJ, Rajagopalan AS. Night
blindness and abnormal cone electroretinogram ON
responses in patients with mutations in the GRM6 gene
encoding mGluR6. Proc Natl Acad Sci USA 2005;
102:4884-9. [PMID: 15781871]

36. Payne AM, Downes SM, Bessant DA, Plant C, Moore T, Bird
AC, Bhattacharya SS. Genetic analysis of the guanylate
cyclase activator 1B (GUCA1B) gene in patients with
autosomal dominant retinal dystrophies. J Med Genet 1999;
36:691-3. [PMID: 10507726]

37. Chang B, Heckenlively JR, Hawes NL, Roderick TH. New
mouse primary retinal degeneration (rd-3). Genomics 1993;
16:45-9. [PMID: 8486383]

38. Friedman JS, Chang B, Kannabiran C, Chakarova C, Singh HP,
Jalali S, Hawes NL, Branham K, Othman M, Filippova E,
Thompson DA, Webster AR, Andréasson S, Jacobson SG,
Bhattacharya SS, Heckenlively JR, Swaroop A. Premature
truncation of a novel protein, RD3, exhibiting subnuclear
localization is associated with retinal degeneration. Am J
Hum Genet 2006; 79:1059-70. [PMID: 17186464]

39. Mole SE, Mitchison HM, Munroe PB. Molecular basis of the
neuronal ceroid lipofuscinoses: mutations in CLN1, CLN2,
CLN3, and CLN5. Hum Mutat 1999; 14:199-215. [PMID:
10477428]

40. Mole SE, Williams RE, Goebel HH. Correlations between
genotype, ultrastructural morphology and clinical phenotype
in the neuronal ceroid lipofuscinoses. Neurogenetics 2005;
6:107-26. [PMID: 15965709]

41. Willardson BM, Howlett AC. Function of phosducin-like
proteins in G protein signaling and chaperone-assisted protein
folding. Cell Signal 2007; 19:2417-27. [PMID: 17658730]

42. Keen TJ, Mohamed MD, McKibbin M, Rashid Y, Jafri H,
Maumenee IH, Inglehearn CF. Identification of a locus
(LCA9) for Leber's congenital amaurosis on chromosome
1p36. Eur J Hum Genet 2003; 11:420-3. [PMID: 12734549]

43. Haitina T, Lindblom J, Renstrom T, Fredriksson R. Fourteen
novel human members of mitochondrial solute carrier family
25 (SLC25) widely expressed in the central nervous system.
Genomics 2006; 88:779-90. [PMID: 16949250]

44. Nakanishi H, Shindou H, Hishikawa D, Harayama T,
Ogasawara R, Suwabe A, Taguchi R, Shimizu T. Cloning and
characterization of mouse lung-type acyl-
CoA:lysophosphatidylcholine acyltransferase 1 (LPCAT1).

Molecular Vision 2010; 16:252-271 <http://www.molvis.org/molvis/v16/a32> © 2010 Molecular Vision

268

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19727342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19727342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18465787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19033363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18841237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16505381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17044933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17044933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14985324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14985324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15260953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12808454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11381270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9662399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15258582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18779497
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11864893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11864893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15781871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10507726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8486383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17186464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10477428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10477428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15965709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17658730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12734549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16949250
http://www.molvis.org/molvis/v16/a32


Expression in alveolar type II cells and possible involvement
in surfactant production. J Biol Chem 2006; 281:20140-7.
[PMID: 16704971]

45. Michaelides M, Johnson S, Tekriwal AK, Holder GE, Bellmann
C, Kinning E, Woodruff G, Trembath RC, Hunt DM, Moore
AT. An early-onset autosomal dominant macular dystrophy
(MCDR3) resembling North Carolina macular dystrophy
maps to chromosome 5. Invest Ophthalmol Vis Sci 2003;
44:2178-83. [PMID: 12714659]

46. Balciuniene J, Johansson K, Sandgren O, Wachtmeister L,
Holmgren G, Forsman K. A gene for autosomal dominant
progressive cone dystrophy (CORD5) maps to chromosome
17p12-p13. Genomics 1995; 30:281-6. [PMID: 8586428]

47. Sharp D, Blinderman L, Combs KA, Kienzle B, Ricci B, Wager-
Smith K, Gil CM, Turck CW, Bouma ME, Rader DJ,
Aggerbeck LP, Gregg RE, Gordon DA, Wetterau JR. Cloning
and gene defects in microsomal triglyceride transfer protein
associated with abetalipoproteinaemia. Nature 1993;
365:65-9. [PMID: 8361539]

48. Inglehearn C, Keen TJ, al-Maghtheh M, Bhattacharya S. Loci
for autosomal dominant retinitis pigmentosa and dominant
cystoid macular dystrophy on chromosome 7p are not allelic.
Am J Hum Genet 1994; 55:581-2. [PMID: 8079997]

49. Smith SA, Holik PR, Stevens J, Melis R, White R, Albertsen H.
Isolation and mapping of a gene encoding a novel human
ADP-ribosylation factor on chromosome 17q12-q21.
Genomics 1995; 28:113-5. [PMID: 7590735]

50. Chiang AP, Nishimura D, Searby C, Elbedour K, Carmi R,
Ferguson AL, Secrist J, Braun T, Casavant T, Stone EM,
Sheffield VC. Comparative genomic analysis identifies an
ADP-ribosylation factor-like gene as the cause of Bardet-
Biedl syndrome (BBS3). Am J Hum Genet 2004;
75:475-84. [PMID: 15258860]

51. Artandi SE, Cooper C, Shrivastava A, Calame K. The basic
helix-loop-helix-zipper domain of TFE3 mediates enhancer-
promoter interaction. Mol Cell Biol 1994; 14:7704-16.
[PMID: 7969114]

52. Bretschneider N, Brand H, Miller N, Lowery AJ, Kerin MJ,
Gannon F, Denger S. Estrogen induces repression of the
breast cancer and salivary gland expression gene in an
estrogen receptor alpha-dependent manner. Cancer Res 2008;
68:106-14. [PMID: 18172302]

53. Zack DJ, Bennett J, Wang Y, Davenport C, Klaunberg B,
Gearhart J, Nathans J. Unusual topography of bovine
rhodopsin promoter-lacZ fusion gene expression in
transgenic mouse retinas. Neuron 1991; 6:187-99. [PMID:
1899580]

54. Timmers AM, Newton BR, Hauswirth WW. Synthesis and
stability of retinal photoreceptor mRNAs are coordinately
regulated during bovine fetal development. Exp Eye Res
1993; 56:257-65. [PMID: 8386100]

55. Nathans J. Rhodopsin: structure, function, and genetics.
Biochemistry 1992; 31:4923-31. [PMID: 1599916]

56. Lem J, Applebury ML, Falk JD, Flannery JG, Simon MI.
Tissue-specific and developmental regulation of rod opsin
chimeric genes in transgenic mice. Neuron 1991; 6:201-10.
[PMID: 1825171]

57. Treisman JE, Morabito MA, Barnstable CJ. Opsin expression
in the rat retina is developmentally regulated by

transcriptional activation. Mol Cell Biol 1988; 8:1570-9.
[PMID: 2967911]

58. Mitton KP, Swain PK, Chen S, Xu S, Zack DJ, Swaroop A. The
leucine zipper of NRL interacts with the CRX homeodomain.
A possible mechanism of transcriptional synergy in rhodopsin
regulation. J Biol Chem 2000; 275:29794-9. [PMID:
10887186]

59. Rehemtulla A, Warwar R, Kumar R, Ji X, Zack DJ, Swaroop
A. The basic motif-leucine zipper transcription factor Nrl can
positively regulate rhodopsin gene expression. Proc Natl
Acad Sci USA 1996; 93:191-5. [PMID: 8552602]

60. Kumar R, Chen S, Scheurer D, Wang QL, Duh E, Sung CH,
Rehemtulla A, Swaroop A, Adler R, Zack DJ. The bZIP
transcription factor Nrl stimulates rhodopsin promoter
activity in primary retinal cell cultures. J Biol Chem 1996;
271:29612-8. [PMID: 8939891]

61. DesJardin LE, Hauswirth WW. Developmentally important
DNA elements within the bovine opsin upstream region.
Invest Ophthalmol Vis Sci 1996; 37:154-65. [PMID:
8550318]

62. Morabito MA, Yu X, Barnstable CJ. Characterization of
developmentally regulated and retina-specific nuclear protein
binding to a site in the upstream region of the rat opsin gene.
J Biol Chem 1991; 266:9667-72. [PMID: 1827795]

63. Nie Z, Chen S, Kumar R, Zack DJ. RER, an evolutionarily
conserved sequence upstream of the rhodopsin gene, has
enhancer activity. J Biol Chem 1996; 271:2667-75. [PMID:
8576239]

64. Chen S, Zack DJ. Ret 4, a positive acting rhodopsin regulatory
element identified using a bovine retina in vitro transcription
system. J Biol Chem 1996; 271:28549-57. [PMID: 8910484]

65. Ahmad I. Mash-1 is expressed during ROD photoreceptor
differentiation and binds an E-box, E(opsin)-1 in the rat opsin
gene. Brain Res Dev Brain Res 1995; 90:184-9. [PMID:
8719343]

66. Chen S, Wang QL, Nie Z, Sun H, Lennon G, Copeland NG,
Gilbert DJ, Jenkins NA, Zack DJ. Crx, a novel Otx-like
paired-homeodomain protein, binds to and transactivates
photoreceptor cell-specific genes. Neuron 1997;
19:1017-30. [PMID: 9390516]

67. Kimura A, Singh D, Wawrousek EF, Kikuchi M, Nakamura M,
Shinohara T. Both PCE-1/RX and OTX/CRX interactions are
necessary for photoreceptor-specific gene expression. J Biol
Chem 2000; 275:1152-60. [PMID: 10625658]

68. Mears AJ, Kondo M, Swain PK, Takada Y, Bush RA, Saunders
TL, Sieving PA, Swaroop A. Nrl is required for rod
photoreceptor development. Nat Genet 2001; 29:447-52.
[PMID: 11694879]

69. Swaroop A, Xu J, Pawar H, Jackson A, Skolnick C, Agarwal
N. Proc Natl Acad Sci USA 1992; 89:266-70. [PMID:
1729696]

70. Lerner LE, Gribanova YE, Ji M, Knox BE, Farber DB. Nrl and
Sp nuclear proteins mediate transcription of rod-specific
cGMP-phosphodiesterase beta-subunit gene: involvement of
multiple response elements. J Biol Chem 2001;
276:34999-5007. [PMID: 11438531]

71. Swain PK, Hicks D, Mears AJ, Apel IJ, Smith JE, John SK,
Hendrickson A, Milam AH, Swaroop A. Multiple
phosphorylated isoforms of NRL are expressed in rod

Molecular Vision 2010; 16:252-271 <http://www.molvis.org/molvis/v16/a32> © 2010 Molecular Vision

269

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16704971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16704971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12714659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8586428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8361539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8079997
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7590735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15258860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7969114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7969114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18172302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1899580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1899580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8386100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1599916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1825171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1825171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2967911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2967911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10887186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10887186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8552602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8939891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8550318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8550318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1827795
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8576239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8576239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8910484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8719343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8719343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9390516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10625658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11694879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11694879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1729696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1729696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11438531
http://www.molvis.org/molvis/v16/a32


photoreceptors. J Biol Chem 2001; 276:36824-30. [PMID:
11477108]

72. Wang QL, Chen S, Esumi N, Swain PK, Haines HS, Peng G,
Melia BM, McIntosh I, Heckenlively JR, Jacobson SG, Stone
EM, Swaroop A, Zack DJ. QRX, a novel homeobox gene,
modulates photoreceptor gene expression. Hum Mol Genet
2004; 13:1025-40. [PMID: 15028672]

73. Martinez JA, Barnstable CJ. Erx, a novel retina-specific
homeodomain transcription factor, can interact with Ret 1/
PCEI sites. Biochem Biophys Res Commun 1998;
250:175-80. [PMID: 9735352]

Molecular Vision 2010; 16:252-271 <http://www.molvis.org/molvis/v16/a32> © 2010 Molecular Vision

270

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11477108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11477108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15028672
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9735352
http://www.molvis.org/molvis/v16/a32


Appendix 1. Supplemental Genome Browser Guide.

To access the data, click or select the words “Appendix
1.” This will initiate the download of a (pdf) archive that
contains the file.

Appendix 2. Genes predicted to experience most of their activation after
P-2.

To access the data, click or select the words “Appendix
2.” This will initiate the download of a (pdf) archive that
contains the file.

Appendix 3. Genes activated after P2, with Pol-II peak signal ratios ≥ 1.8,
that recruit FIZ1.

To access the data, click or select the words “Appendix
3.” This will initiate the download of a (pdf) archive that
contains the file.

Appendix 4. Novel gene activation increases predicted by Pol-II ChIP-on-
Chip

Genes. To access the data, click or select the words
“Appendix 4.” This will initiate the download of a (pdf)
archive that contains the file.
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