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Abstract
This brief review summarizes the major proof-of-concept gene therapy studies for autosomal
dominant retinitis pigmentosa (RP) caused by mutations in the rhodopsin gene (RHC-adRP) that
have been conducted over the past 20 years in various animal models. We have listed in tabular
form the various approaches, gene silencing reagents, gene delivery strategies, and salient results
from these studies.
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19.1 |Introduction

The P23H mutation in rhodopsin (RHO) was the first genetic mutation identified to be
causally associated with retinitis pigmentosa (RP) (Dryja et al. 1990). Currently, over 150
unique mutations in RHO are known to cause ~40% of all autosomal dominant forms of RP
(adRP), and RHO P23H accounts for ~10% of RKHO-adRP among the US Caucasian
population (https://sph.uth.edu/Retnet). Mutant RHO proteins cause disease via either a
dominant negative or a toxic gain-of-function effect. While gene augmentation with a wild-
type copy of RHO may be sufficient to dilute out the effects of a dominant negative mutant
protein, a gene knockdown strategy is more likely to be beneficial for the toxic gain-of-
function mutations. In the past 20 years, significant progress has been made in the field of
gene therapy with very promising results in preclinical animal models. A number of
transgenic rodent and pig models of RHO-adRP (listed in Table 19.1) have been used to
evaluate gene knockdown, gene augmentation, gene editing, or combined gene knockdown
and replacement strategies. The latter approach delivered within a single AAV vector was
recently shown to successfully prevent the onset of photoreceptor degeneration in the RHO-
T4R dog, the only currently available naturally occurring animal model of this disease
(Cideciyan et al. 2018). Gene editing using CRISPR-Cas9 may be an elegant approach to
specifically correct common RHO mutants such as P23H; however, due to the wide
mutational heterogeneity in RHO, a mutation-independent strategy that combines
knockdown with gene replacement could be an economically attractive therapy to target all
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forms of RHO-adRP. This review presents a tabular summary of all preclinical studies in this
field, spanning 20 years, from 1998 to present.

References

Bakondi B, Lv W, Lu B et al. (2016) In vivo CRISPR/Cas9 gene editing corrects retinal dystrophy in
the S334ter-3 rat model of autosomal dominant retinitis pigmentosa. Mol Ther 24:556-563
[PubMed: 26666451]

Botta S, Marrocco E, de Prisco N et al. (2016) Rhodopsin targeted transcriptional silencing by DNA-
binding. elife 5:12242 [PubMed: 26974343]

Burnight ER, Gupta M, Wiley LA et al. (2017) Using CRISPR-Cas9 to generate gene-corrected
autologous iPSCs for the treatment of inherited retinal degeneration. Mol Ther 25:1999-2013
[PubMed: 28619647]

Chadderton N, Millington-Ward S, Palfi A et al. (2009) Improved retinal function in a mouse model of
dominant retinitis pigmentosa following AAV-delivered gene therapy. Mol Ther 17:593-599
[PubMed: 19174761]

Cideciyan AV, Sudharsan R, Dufour VL et al. (2018) Mutation-independent rhodopsin gene therapy by
knockdown and replacement with a single AAV vector. Proc Natl Acad Sci U S A 115:E8547—
E8556 [PubMed: 30127005]

Dryja TP, McGee TL, Reichel E et al. (1990) A point mutation of the rhodopsin gene in one form of
retinitis pigmentosa. Nature 343:364-366 [PubMed: 2137202]

Gorbatyuk M, Justilien V, Liu J et al. (2007a) Preservation of photoreceptor morphology and function
in P23H rats using an allele independent ribozyme. Exp Eye Res 84:44-52 [PubMed: 17083931]

Gorbatyuk M, Justilien V, Liu J et al. (2007b) Suppression of mouse rhodopsin expression in vivo by
AAV mediated siRNA delivery. Vis Res 47:1202-1208 [PubMed: 17292939]

Gorbatyuk MS, Pang JJ, Thomas J Jr et al. (2005) Knockdown of wild-type mouse rhodopsin using an
AAV vectored ribozyme as part of an RNA replacement approach. Mol Vis 11:648-656 [PubMed:
16145542]

Kiang AS, Palfi A, Ader M et al. (2005) Toward a gene therapy for dominant disease: validation of an
RNA interference-based mutation-independent approach. Mol Ther 12:555-561 [PubMed:
15967729]

Latella MC, Di Salvo MT, Cocchiarella F et al. (2016) In vivo editing of the human mutant rhodopsin
gene by electroporation of plasmid-based CRISPR/Cas9 in the mouse retina. Mol Ther Nucleic
Acids 5:6389 [PubMed: 27874856]

LaVail MM, Yasumura D, Matthes MT et al. (2000) Ribozyme rescue of photoreceptor cells in P23H
transgenic rats: long-term survival and late-stage therapy. Proc Natl Acad Sci U S A 97:11488—
11493 [PubMed: 11005848]

Lewin AS, Drenser KA, Hauswirth WW et al. (1998) Ribozyme rescue of photoreceptor cells in a
transgenic rat model of autosomal dominant retinitis pigmentosa. Nat Med 4:967-971 [PubMed:
9701253]

Mao H, Gorbatyuk MS, Rossmiller B et al. (2012) Long-term rescue of retinal structure and function
by rhodopsin RNA replacement with a single adeno-associated viral vector in P23H RHO
transgenic mice. Hum Gene Ther 23:356-366 [PubMed: 22289036]

Mao H, James T Jr, Schwein A et al. (2011) AAV delivery of wild-type rhodopsin preserves retinal
function in a mouse model of autosomal dominant retinitis pigmentosa. Hum Gene Ther 22:567—
575 [PubMed: 21126223]

Murray SF, Jazayeri A, Matthes MT et al. (2015) Allele-specific inhibition of rhodopsin with an
antisense oligonucleotide slows photoreceptor cell degeneration. Invest Ophthalmol Vis Sci
56:6362—6375 [PubMed: 26436889]

Mussolino C, Sanges D, Marrocco E et al. (2011) Zinc-finger-based transcriptional repression of
rhodopsin in a model of dominant retinitis pigmentosa. EMBO Mol Med 3:118-128 [PubMed:
21268285]

Adv Exp Med Biol. Author manuscript; available in PMC 2020 May 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sudharsan and Beltran Page 3

O’Reilly M, Millington-Ward S, Palfi A et al. (2008) A transgenic mouse model for gene therapy of
rhodopsin-linked retinitis pigmentosa. Vis Res 48:386-391 [PubMed: 17920651]

O’Reilly M, Palfi A, Chadderton N et al. (2007) RNA interference-mediated suppression and
replacement of human rhodopsin in vivo. Am J Hum Genet 81:127-135 [PubMed: 17564969]
Palfi A, Chadderton N, O’Reilly M et al. (2015) Efficient gene delivery to photoreceptors using AAV2/
rh10 and rescue of the Rho(—/-) mouse. Mol Ther Methods Clin Dev 2:15016 [PubMed:

26029727]

Palfi A, Millington-Ward S, Chadderton N et al. (2010) Adeno-associated virus-mediated rhodopsin
replacement provides therapeutic benefit in mice with a targeted disruption of the rhodopsin gene.
Hum Gene Ther 21:311-323 [PubMed: 19824806]

Tessitore A, Parisi F, Denti MA et al. (2006) Preferential silencing of a common dominant rhodopsin
mutation does not inhibit retinal degeneration in a transgenic model. Mol Ther 14:692-699
[PubMed: 16979943]

Adv Exp Med Biol. Author manuscript; available in PMC 2020 May 12.



Page 4

Sudharsan and Beltran

1d SY83M QT pue G Usaamiaq ssaua1yl TNO JO Sso] :8|geis -+OHYd
10U INq |d $¥8aM QT 01 dn HYT pue ssauXdIY) TNO panodw| -+SLvEdU
(6002 Burureisounwiwr OHY pue SO PO JO $SO| pue Y3 asnow _,_oyy (OHY uewny)
[e 18 UOLIBPPEYD) paonpai ‘syd PaKos SOV Ul YNY OHY UBwny J0 aM %56 _+4HN 1OYS-TH-SIZNVY 7OYS "YNYus | uapuadapur uoneniy
asnow _,_OHY (OHY uewny)
(£002 "[e 18 A11194.0) SHd PalIos SOV4 Ul VNY OHY UBwINy Jo aX %06 _+dHN g9Ys-TH-S/ZAVY g4Yys "¥Nyys | wspusdapul uoneiniy

$s0] INO pue sapnijduwe 933 paonpal
‘urs101d OHY 40 aX %09 ‘WNY OHY 8snow Jo X %0€

asnow _,,OHY

(oHy

(92002 uewny ‘Bop ‘asnow)
[e 18 3nA1eqi09) VNY OHY 8snow Jo a %6t 8SNOW ,,OHY | ZOEYNMYS-TH-S/ZAYY TOSVYINMYS YNHUs | iuspuadapur uoneiniy
(oHY
(e2002 311 JAAO0 BU1198P INQ 8NJsal HYT 8ndasal INO uewny ‘Bop ‘asnow)
[e 18 3NA1eqI09) ‘sjand] utaloud ur 8bueyd ou YNY HEZ 8SNOW JO OM %9Y 1Bl g-HezZd 52624 -dOW-G/ZAYY 62674 :3wAzogry | juspuadapul uoneINA
SSO| INO %0¢ pue mua__QE.m 9NEM-J D43
paonpai (aks [011u09 0} pasedwod) utslodd OHY 40 AM %08 asnow _,,OHYd
(s00z $50] SO 40 TINO Ou Ing 3pnitjdie sAem- 9Y3 (OHY Bop ‘asnow)
[e 18 NA1eqI09) paonpau (348 |0.3u0d 0} pasedwod) uslold OHY 4O AM %05 asnow ,,,OHY 16674 -dOW-ZAYY /6674 awAzoqry | 1uapuadapul uonenpy

(5T0Z 18 18 ARIniN)

anasal SO pue TNO
'anosal 9¥3 panwl] :(E0SV) OHY HEZd 8snow 40 aM %0€

el T-HEed

OHY 8snow Jo @Y (20SV) %0.- (E0SV) %05

8snoW,;,OHY LM

uonaalul
OSV [eaninenu|

£OSY 20SV

:9p1oa[onuobijo asussnuy

(oHY
asnow ‘Hezd asnow)
Juapuadap uoneINy

3ndsal INO Ou pue
3U1193p DYT 'WNY HEZd 8snow o (syiuow /— 1) M %T9

HEZaYS)

(HEzd 8snow)

(900 "|e 10 210118831 ) (stpuow #—¢ 18) M %89 el g-Heed HEZJYS-TN-G/CN\VY OVNYYS OVYNHIS Juspuadap uoneINiA
(ss01 ¥d %60¢)

06d-09d Je Id @ndsal 9¥3J pue TNO yiuow-g'0 (18suo gy ETYH-Sd0a-INVY ETyH dwAzoqry (Hezd asnouw)

(000Z "|e 19 [1eART) | @10380) STd 18 Id 8ndsal DY pue INO (Syiuow 8) wisy-buo el g-Heed ‘TTAH-Sd0g-ZA\VY ITdH swAzoqry Juapuadap uoneINiA
3/8 [011U0I< %G
aneM-q 9Y3 91d0109S "'S3AS |041U0I Ul %0 SA 06—09d 1€ SSO|

INO %02 948 |03u00 0} pasedw0d YNY JUBINW JO M %TT ETYH-SdOg-¢NA\VY ETyH swAzoqry

9/ 1013U09< 9%0E

aneM-q HY3 91d0109S "SaAd |041U0I Ul %0 SA 06—09d 1€ SSO| (Hezd asnow)

(866T "1e 18 UIMaT) INO %2T 949 |023u09 0} pasedLiod WYNY JueINW JO aX %ST 181 €-HETZd TT0H-Sd0g-¢AVY T1aH awAzoqry Juspuadap uoneIN|A

umopjoouy Abajels JuaLBal

sjuabea s Juswiaoe|da i (106 re1)

Sa0UB BBy S}|nse. Jelfes ppow rewiuy Jowen AlBAlRA Jo/pue Bumpus|is Kipypedsap||v

Author Manuscript

ABayens onnadelayl Aq padnoib ‘qype-OH& 10 Juawiean 1o} saipms Adelayl ausb Jolew |e Jo Arewwng
T'6T 3alqeL
Author Manuscript

Author Manuscript Author Manuscript

Adv Exp Med Biol. Author manuscript; available in PMC 2020 May 12.



Page 5

Sudharsan and Beltran

andsal SO pue TNO pue ‘9y3 (syiuow ) wial-buoj

‘(943 1011u09 01 pasedwod) utslodd OHY Ul asealoul Xz ‘(ake TOSOHY TOSOHY (oHY

1023u02 03 pasedwod) WYNY OHY [B10} Ul 8seaIoUl XZ ‘WNY ssnow _,,OHY -dOW-IOSYN&YS :OHY asnow juelsisay uewny ‘Bop ‘asnow)

2T0Z ‘[e 10 0B OHY 8snow pue HEzZd uewiny) snousbopus 4o aM %, I “TH-GZAVY TOSYNSYS “YNYys | 1uspuadapul uoneiniy

( ) ( ) § HEzZdY d

10/-dow 10/ :0HY Wesisay
0Td Je 843 |013U0D ey} JXDIY) %EE TINO (43m11) dsnow L TOYS-TH-S2N\VY T0Ys "YNYUs

asnow _;,0uy g4.-dow g4/ :0HY elsisay (OHY uewny)

(2002 "1e 39 AJ1194.0) 0Td Je 343 |013U0D ey} JIUD %EE TINO -+HEZdY -G9YS-TH-S/ZNVY ggys "YNyus | 1uspuadapul uonenin
(sprwserd ZHW OHY Welsisay

aM se) /W OHY EHNIS YNYIS (OHY 8snow)

(5002 "[e 10 Buery))

%0 ‘LYIN + EYIAUS {(J9A1] U1) X %06 'OHY 9Snow + EYINUS

(Jan1[) asnow ] A\

WeISIS3I pUR EHMYS

EHNYS INYHUS

Juspuadapul uoieINA

JUBLWBIEBIAI puB UMOPYI0UY ADBlBlS JUSLLIBAL[

(ST0Z 1218 lfed)

anasal AJinoe
[ensiA ‘andsal 9Y3J ‘SO JO UoNewlo} ‘SO Ul uoissaldxs pol
‘8n9sal INO -,-0Yd _,dHN Ul Se S[3As] YNY OHY J0 %S/

asnow _,_OHY

g9-0H&-dOHY L'T
—-0TW/ZNVYY ‘G9-OHY
-dOHY L'T-8/2AV

(ggus o11uelsIsal
OHY uewny) gg-0HY

Juspuadapul uoieIN

(S1d 1@) Id
yiuow-9 03 dn andsai TNO pue Y3 ‘uidioid Jswouow OHY

asnow ,,,OHY

(TOSVNYUYS 01 1uBISISal

(TTOZ "1 10 OBIA)) Ul 85B310U1 948G pue YN OHY [e10] Ul 8Sealoul Pjojom] _+HEZdY TOEOHH -dOW-S/ZN\VYY OHY 8snow) J0SOHY Juapuadapul uoleINy
uoleiuawbne :Abajelss Juauieal

abe Jo s9aMm ZT 01 9 WOy (OHY uewny juelsisal)
(0TOZ ‘12 18 14fed) 3UI199p NG 9YJ POJ J0 8NISaI ‘UOIBWIOY SO + andsal TNO asnow _,. 0yd | pZgg-OHS dOW-AVY g5-OH snoltep juapuadapur uoreINiA

(8002 "le 19 A11194.0)

SO Ul OHY J0 uoissaidxa pue (,.,.OHY
40 %G/ ~) UoIssaIdxa YN OHY 03 Spes| 'Ss0| DY pue ‘SO
“INO Sanasal auabsues; OHY uewny juelsisal Jo Adoa ajbuis

asnow _,_OHY

(OHY

(2002 "1e 18 A11184.0) $S0| DY pue TTNO PoJ J0 anasay -+N-OHY asnow IN-OHY B | uewnyuelsisal) N-OHY | luspuadapul uoieIny
JUBWIBIBIA3I ABSJRAS USRI |
alnsodxa
61| Ja)e SY99M Z ‘|d SH9am QT—8 Jalje eaJe pajeal) Ul
uonensssald INO . OHY Patean ul usss 0} Jejiwis ‘sabueyo Bop /4,  OHY

(stoz
'[e 18 UBAI193pID)

[eanionuis ‘sjans) uialoid pue WNY OHY :1d S38aMm g—9

aAISuas 1yBIT

Burjagejounwiw
10 50| ‘SO 40 Butusuioys “asop [esiA ajes 1saybiy
18 103U0 JO %GT utRl01d OHY ‘%E-0 YNY OHY :Id $32am 8

fop ..OHY

028yNYMYS
-TH-S/ZAVYS

028N &Y YINHUS

(OHY uewny ‘Bop)
juspuadapui uoneiniy

(9102 "[e 19 ENOG)

(#Td ¥ uondalur) 0gd 1e andsal Y3

asnowl ,,,0uy
_SLvEdY

SO o asde|j02 ‘Id sAep ST 12 OHY Bid 1/ 10 O %Sh

U_Q +\+OIN_

94Z-NND-8/CN\VY

8G-9-4Z :urewop
Buipuig-wNG@ Jebuly ourz

(342
OHY bid pue uewny)

juapuadapul uoneINy

9442 2

(t102 8nasal INO asnow .,,0yy -7 :s1030e} uonduosuely (34D OHY uewny)

"2 33 0UIJOSSNIA) pue 93 [enJed ‘ease XL Ul YN OHY SLyEdU 40 O %92 -wSLYEdY 9Y4-4Z-0Md-8/ZAVY [eropne sabuly ourz | juspuadspur uoneIniy
sjuabes J Juswiede|do (196 103)

Soue BRY SISIRUETN=S ppow fewiuy J0100A AlBnipa Jlo/pue Bupus|is Ap1yoads ap||v

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Exp Med Biol. Author manuscript; available in PMC 2020 May 12.



Page 6

Jarowold uisdopoyd asnow gy 2 T AdoH& 2 T ‘1810wold aseuny uisdopoys uewny @/ ‘4s1owold sniinofehaw-0180 A0 ‘s1owoud T uigiod Buipuig-apiioajonu auiuenb uewny 7./ yA/9
‘arowo.d |11 asesswAjod WNY TH uewny 74/ ‘4sjowoid WNY Jesjonu [jews TN uewny 777 ‘Jsjowosd uisdo fewixolid asnow Jow ‘13owold uisdo suinog S40g -0ajsl] SI1810uwoid “Juawala Aloye|nbal
Jeuonduasueinsod sniiA sieday YoNYopoom F&am ‘Wuswals Aioreinbal-sio 70 ‘uonaalunsod /4 “uswbas 18Ino SO ‘1aAe| Jesjonu 1sino JNVO ‘olusbsuel b7 ‘s101da0a1010yd &g ‘UMOPYI0UY 7Y/

Sudharsan and Beltran

(c3HN pamoys sapa|je

65808

(HEZd Uewny)

(2102 12 39 3yBIuIng) %Y v—t'€) Aouaiolgs moj ing sbid G Jo no g ut Bunipa (IHN f1d 61 Hezdy -T-£ZHOS-SIZNYY EZHOs/6s80PS Juapuadap uonenN
UMOUS anJsal asnow

[euondUNy JO [eINIONJIS OU {SPOJ PaIdassuRIl Ul 95/ /—9G ‘ulaloid (a¥ 1sey A1an) _,_OHY prwse|d SYINBS Z 10 ‘SyN&OSs (OHY uewny)

(9107 "18 19 B[191ET) OHY 40 O3 ‘spos parasysuel) Ul %4ee—t ‘Aoustonys bump3 -+HEZdU | VNYBsZ-658D-HdSIHO TYN&Os/65200SY juspuadapul uoneniA

anasal (snao|

9¥3 ou ‘asuodsal d138u01do panosdwi ‘uonewlo) SO (141D ¥EES ‘OHY asnow)

(9T0Z ‘e 10 IpuoXeg) Ul T SA SMOJ 8) andsal TNO %9€—€€ :Adualoiya abenes|d 1ol g-181peesS | piwseld sy ods-yve0s YIN&Os/6sEDdS juapuadap uoneINy

Bunipa auab 6s8D-4dS142 Abajess Juaweal |

(8T0C
‘e 18 ueA193pID)

(sX98m L€ pue ‘22 ‘LT ‘ST T8 JUBWISS3SSE [eulal {|d SYoam /&
pue ‘Gz ‘ST ‘TT 1e ainsodxa 1ybi|) ainsodxa b1 payeadal Jaye
USAS BaJe patealt syl ul 9¥J pue ‘SO “TNO JO UolienIasald
BaJe pajealiun o} paedwod 94zE "saka |03U0D

paleaiun ur OHY 8uIued JO %ZET-8TT YNY OHY uewiny
‘A3 [01U0D PaTEAIUN JO %Z—T WYNY OHY 6o :Id seam €T
BaJle pareaun 0} pasedwod 0,8 :uIsloid OHY [e10) 'saka
]0J3U0D pajeaIIuN Ul OHY BUIUBD JO %6-G YNY OHY uewny
‘9Aa |011U0D PareaNUN JO %ST WNY OHY Boq :1d $)9am 6

"ainsodxa

1y6i] 150d Sy1aM
Z Ul uonesauasbap
INO @191dwod
:Bop .,y OHY
aA1ISuUas-1ybI]

P2ByNYS-THAOHY
-dOU-S/ZAVV/9S

0280HY uewiny
:OHY uewny juelsisay

028yN&YS INHUS

(OHY uewny ‘Bop)
juspuadapui uoneiniy

3UO[e 947 YU uey) paasasaid 1a118q a1njonas

FHIM-OHYY-TIVND

(9102 "2 19 ENIOG) SO ‘uIsloid OHYY Yim Juswadeldal ‘oHY B1d Jo M %8e fid ,.,OHY 947-VOHY-8/ZN\VV OHYY pUR 94z Juspuadapul uoneINiA
sjuabes J Juswede|de (196 r03)
Soue BRY S1NsaJ 1BIfeS ppow fewiuy J0108A Alonipa Jlo/pue Bupus|is Aplyoads ap||v

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Exp Med Biol. Author manuscript; available in PMC 2020 May 12.



	Abstract
	Introduction
	References
	Table 19.1

