wo 20177201425 A1 |0 0000 O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
23 November 2017 (23.11.2017)

(10) International Publication Number

WO 2017/201425 A1l

WIPO I PCT

(51) International Patent Classification:
A61K 48/00 (2006.01) CI2N 15/85 (2006.01)
CI2N 15/63 (2006.01)

(21) International Application Number:
PCT/US2017/033575

(22) International Filing Date:
19 May 2017 (19.05.2017)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/339,241
62/375,703
62/381,948

20 May 2016 (20.05.2016)
16 August 2016 (16.08.2016)
31 August 2016 (31.08.2016)

Us
Us
Us

Applicant: THE TRUSTEES COLUMBIA UNIVERSI-
TY IN THE CITY OF NEW YORK [US/US]; 412 Low
Memorial Library, 535 West 116th Street, New York, NY
10027 (US).

an

(72) Imventor: TSANG, Stephen; c/o E.S. Harkness Eye Insti-
tute, 160 Fort Washington Avenue, New York, NY 10032

(US).

(74) Agent: DAVITZ, Michael, A. et al.; Leason Ellis LLP, One
Barker Avenue, Fifth Floor, White Plains, NY 10601 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ, LA,LC,LK,LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))
with sequence listing part of description (Rule 5.2(a))

(54) Title: ANABOLIC ENHANCERS FOR AMELIORATING NEURODEGENERATION

o
= 250 8 e
S o]
% o
£~ 0
_ci: Qe a
% 200 ) gj
1=
o]
150 SO °
o
Tsct /- Toc 1 foxF/loxP
FIG.TA Poebp 6200/ Pdebh H6200/+

(57) Abstract: The present disclosure relates to methods and compounds for promoting anabolic pathways in neuronal cells leading
to improved neuronal survival. In particular, the present disclosure relates to inhibiting TSCI and or SIRT6 to promote glycolysis and
neuronal survival in a variety of neurodegenerative conditions, and specifically in retinitis pigmentosa.
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ANABOLIC ENHANCERS FOR AMELIOBRATING NEUROQDEGENERATION

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application clainw priority 10 US. Provisiongl Patent Application No.
621339 241 Hled Mav 26, 2016, UK, Provisions]l Application Ne. 62/375,703 {ied August
16, 2016, and ULS. Provisionat Application No, 62/381 248 filed August 31, 2016, each of

which i3 incorporated hereln by reference in its entively.

SEQUENCE LISTING

The iustani appheation cordaing & Sequence Listing wioch has been filed
electronically 1n ASCH format sud is hereby incorporated by referance in Hs entivety. Said
ASCH copy, created on May 12, 2017, &3 namad 010010051 78- W0 SLaoxt and 15 2402

bytes in sixe.

This invention was made with government support under grant 3P30CAG13696

awarded by the Mational Cancer Institute, The government has certain rights in the invention.

FIELD OF THE INVENTION

The present disclosare relates to methods and compounds for promoting anabelic
pathways m neuronal cells leading to improved newonal survival. In particalar, the present
disclosure relafes  inhibiting TSCU and or SIRTE 1o promote glyvcolysis and neuronal

survival in a vaigty of neurodegenerative conditions, and specifically in retinitis pigmentosa.
BACKGROUND

Retintis pigmentosa (RP) 1s an incerable newrodegenerative condition that leads to
progressive phoforeceptor dysfunction, dysmorphosis snd symptotns such a8 syttalopis,
tuanel vision gnd eventually, blinduess {1-4). This disease is estimated o affect nearly |
milion people worldwide and leads to a substantial decrease in the ability of alfected
individugls to lead indepondent lives and conduct sctivities of daily fivmg (1, 20 A

heterogenegus genetic condition, BP ix linked to wiore than 60 genes, most of which are
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exchrively expressed in rod photorsceptors (3-7) Due to the genetic diversily of RP, any

therapy that s gene specific caby only benelit o small fraction of paticats with RP. There is
currenily no effective therapeutic option for patients with RF or any other pstient with a
retinal degenerative disease, meluding atrophic age-related macular degensration (AMD),

which affecis more thar 1.5 milion ndividuals in the United States (&)

Thus, there & an urgent need for additional therapentics as well as more broadly
effective pene therapies for alleviating retinal degenerative diseases such as RF and AMD,
and more broadly for prometing neuronal survival in neurcdengenerative diseases such ag
elaucoma, Alzheimer’s, Parkimson’s, Huntington's, Amvotrophic lateral sclerosis (ALSY,
Lewy bedy dementiy, and similar newodegsuerative conditions or other condiions that
would beaefit from upregulating angbolismy and dowmrepolating catgbolism to promuote

neuronal survival,
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SUMMARY OF THE

VENTION

The methods of the present invention provide for lncreasing glyveolysis in a neuronal
cell coropusing intubiting TSCL, SIRTG, or a combination thereof, andior decreasing the

fevel andfor activity of TSCL, S8IRTE, or a combination thereof] in the neuronal cell,

Additional embodiments inclede 3 method of incrzasing newonal survival m
patieni{s} in need thereol, comprising altering glycosis by decreasing TSCL, §IRTG, ot &

combination thereof in the newronal gell,

Addional embodiments include @ method of sooreasing  photoreceptor survival
comprising altering elycosis by inhibiting TSCH, SIRTE, or a combination thereof, andior
decreasing the level andior activity of TSCI, SIRTS, o a combmation thereof, in a

photoreceptor cell.

The neurongt cell can be g cone cell, a rod cell, oF & combinabion of cone cells, rod

cells, andfor other retinal cells,

thereof, andfor decreasing the level andior activity o TSCH, SIRTE, or a combination theyeot]
compnsing adomnistering an effective amount of an inhibitor sclected from the group

consisting of profeins, nucleic acids, chamicals and combinations thereof,

The nucleic acid can be selected from  the grovp consisting of pntisense

oligonucleotide, siRNA, shRNA, gRNA and combinations thergof,

In cermain embodimenis, the decreasing comprises administering an effective amount

of an inhibitor of TSCL, SIRTE, or g combination thereof

In additional embodiments, the method comprises admipistenag an effective amount
of one or more SIRTE6 mhibiiors selecied from the group consisting of: feougreek seed

axiract, Vitexin (isolated from Hawthom tree berties), guercetin, naringenin, vitexin,

In cerlain enmbodiments, the patient 18 suffering from one or more retinal degenerative
diseases such as retinitis pigmentose (RP), ape-related macular degenergtion (AMD), @
glaucomia, pr one or more neurcdegenerative dissasey including Aldhsimer’s, Parkinson’s,

Huntington's, Amyotrophic lateral sclerosis {ALS), ot Lewy body dementia.

[P
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Additional embodiments chude 8 method of increasing photoreceplor survival i a
patient in seed thereof, comprising adwministering 1o the subject ¢ therapeutically effective

arnount off

# recomubingnt adeno-associaied virgl (AAV) vecior encoding an inhibitor of Tsgl,
Sith, or oiher metsbolic reprogramming agent, of sn inhibitor or activator of

anabolism.

Addinongl embodiments Diclode 8 method of ncressing vearongl supvival in

patient(s) tn need thereof, comprising adminisiering a shempeutically effective amount of:

a sacombinant adenc-associated viral (AAV) vector encoding an inhibuer of Tsel,
Rire, or other metabolic reprogramyming agent, or an inhidbitor or activator of

apaboelism, {o & feast oue neton 1 the patient,

I ceriain embodiments, the fecombinamt AAY vector 1% s AANV2 veotor, In

sddinona! embadiments, the AAY veotor 1s an AAVE vector,

I yel aslditional embodimants, the AAV veotors we administered by Indravitread

injection.

In yet additional embodintents, the AAV vectors are administersd by subretinal

injection.

Additiongl embodiments include a method of Increasing photoreceptor survival in a
patiet in need thevepl, comprising administenng © the patisnt a therapeutically affective

amouniof

{a} a frst recombivant adeno-aasociatad viral (AAV) veclor, wherain the first
récombinat AAY conpises (1) a first sequenceds) encoding at least one guide RNA

that hybridizes 1o the endogenous Txof or Siei6 gene in the patient, und,

{b) a second recombinant AAV viral vector comprising & nuslelc acid sequence
encoding a Cas nuclease. whereins the Cay nuclease cleaves the Taed or Sirg gene

creating a Tyed or S&46 koockout of the epdogenous Tsel or Sivté gene in the patient.

Additiong! embodiments inclode a3 method of incressing neurongl survival in
patieni(s) in need thereof, comprising administering o the patient g therapeutically effechive

amount of
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{a} a frsi recombinant adenco~-associated viral (AAV) veclor, wherein the st
recorbinant AAV compnises, (1) & first sequence(s) encoding at least one giide RNA

thit hyvbridizes 1o the endogenous Txel or Sirt6 gene in the patient, and,

{h} a second recombinant AAV viral vector comprising a nucleic scid sequence
encoding @ Cas nuclease; wherein the Cay puclease cleaves the Tiel or Sirté gene

cresting a Tscd or Sir6 kuockout of the endogenous Trel or Siv1 gene 1 the patient,

In additional embodiments, the invention relates to a method of incregsing glycolvsis
in a neuronal cell in patient(s) in need thereof, comprising administering & therppeutically
effective amsount of 8 recombinant sdeno-sssociated viral (AAVY vectar encoding an
inhibitor of Tsel, S¥v6, or other melabolic reprogrommung agent, or an inhibitor or activator

of anabolism, to al least one newronal cell in the patient,

e addipional embodiments, the invention relates 1o a method of ncressing plycolysis
in a neuronal cell in patisat(s) in need therend, comprising adminstermg 1o the patent 3

therapeutically effective amount of:

{a) a first recombinant adeno-associated viral { AAV) vector, wherein the first
recombinant AAY comprises () a first sequence{s) etcoding at least one @uide RNA

that hybridizss 1o the sndogennus Tyo or Sirng geng in the patient, and,

{b}a second rectsmbinat AAV vital vector comprising a nucleic acid sequence
encoding & Cas puclease; whereln the Cos muclease olesves the endogenous Tsel or
Sirits gene crepting & T¥ed or Sirté knockout of the endogencus Tsel or Birté gene in

the patisnt’s neuronal vell.

In gertain embodiments, the meeombinmt AAY vedlor 1 an AAVZ veplor. In
additional embodiments, the A&V vector is s AAVE vector In cettain embodiments, the

Cas nuclease 1s Cas®.

In certain embodiments; the AAV vectors are adminigtersd by futepertreal injection. In

additional embodiments, the AAV vectors arg sdiministered by subretinal injection,

In addutional embodiments, any of the methods may farther conywise administering
an effective amotnt of one or more SIRTH inhilutors selected from the group consisting of
fenugreek seed extract, Viexin (isolated from Hawihiotn tree berries), quercelin, naringenin,

vitexit, SYNT?7739303, BASI3S55470, SYNIO366754, and BASOD41 783 L

L
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BRIEF DESCRIPTION OF THE BRAWINGS

Figares LA-F, ERG b-wave maguitudes and histology are comparable in Txel™
R § A - }' l',.~.') - K 2 ,,4,_ 3 - . . . ~ e : ey
Pdeoh 0 gnd Tac P e mice. Figs. 1A-C ave scotopic, nuixed maxingl,

and photopie ER{ recordings were acquired at five weeks post injection. Small grev dots

GO

represent data points from ayves; bold red dots represemt means for the Tl Pdech”

a0

. IR " g Jooidond ¢ F3%i%s B o
mice, and bold black dots represent means T ™™ ™ Pdesh’ nrice. To compare mean

ERG outcemes or mean histalogical optcomes between the 7™ Pdesd™ ™ and

Ve o pgen ™99 wroups, inear mined models with random intercepts for mice were
fit. Average b-wave magniudes between the groups had no statistically sigmficant mean
difference. ({(A}LF = 0800 (B) P = 050 (Cy F= 089}, Figs, 1D-F are HATE staiing of
retinal sections also had comparable mean ONL and IS/0S layers between the groups. These
values were quantified by nmeasuring the thickness of the ONL and IS/08, which were
ubserved (o be statistically insignificant. ((Fig. 10} Yellow bar indicates ONL, white bay
ndicates ISF08, sesle bar = 80 g (Fig, 1E) P= 098 (Fig. IF) P=0.78); for ERG. n=§ for

s g o SRIO0N s e ohoxBRonPy g ey K6
Tyed " Peoh™™ %y 7 for Taed P paeah™

» for lustology, 1= 7 for both groups.).
Figures 24-B. Tvel " Pdesh™ 2 have enhanced photoreceptor survival

compared to Tsel™ o peah™ U2 o ynirols Tor at Teast 3 weeks., Fig, 24 are H&E-

staingd retinal sections that werg compared at 10, 17, and 24 dayvs, ONL and 18/08 thickness

) . o
¥ group compared o contrpls.

BB

were greater af every time point in the Fsol™ Pdent

Tamoxifen or oil mjection occarred at P10, Histology was quantified statistically over time:
{ Yellow bar mdicates ONL, white bar mdicates INOS, seale bar =20 4w Fig 2B
iHlustrates that ONL puclet density and ONL layer widih were greater in 75

FIGHEHEIO0 o o FEER G gy g | e g FIBSHEHEROT,
Peenh™ PR wice compared fo Tae O plegpMHHHREQ

mice at every tine point.
IS8 width was quantified and observed 1o incresse pver time in both groups, although the
Fsel " Pesh PR araun had o greater mean ihickness at each time poind compared o
the Controls, Predicied trend lines for the ONL bad stegper slopes for the control mice
compared to the sxperimental group for both noclet density and layer thickness. IS/08 trend
tines were positively sloped and stesper for the experimental group compared {0 controls.
{Grey dois represent individual mouse data points, Black lines connect the miean oulcome at
each time point; red lines are estimmted roean trend lines from Iingar regression models,
assuming lngarity of the culcome over time. Dashed lines are used for controls, and solid

HEIOTEG260

tines are used for knockout mice, Comparisons of T3¢l Pdesh versus

i HET R 2 Boden ;3},{';‘ GIOCHH AN

T = controls st fixed points: ONL nuclet density: P17 £ < 0.001, P24

6
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£ 0000 ONL width: PIF P <0001 P24 P=0.001 IBOS width: P17 P =002, P2 F==
G009 Comparison of the slopes between the two groups fron the Hnear regression models:
ONL density: £ = 0,02, ONL width £ = 0003, IS/Q8 P= 006, PlOn=4 for both Sroups,
P17 and P24 no= § fon ool Pelerp™ M and = 4 for et ppgplitrsteenly
Figures 3A-B. Tsel” Pdesh™ % pave improved retinal survival compared to
Fac PP pagpF R Loantrols for at Teast 10 weeks, Fig. 3A: H&B-siained retinal
sections were compared at 4, 3, 6, 8, and 10 weeks. Mean ONL and 15/08 thickness wers

greaier at every Hime point in the Tyl Pdegh™HHGE

sronp, compared to contreds,

{Yelow bar mdicates ONL, white bar wdicntes IS'08, seale bar = 20 pmi ). Fig. 3B: Thix
difference was quantified by counting ONL suclet density and measuring the width of the
ONL and I8/08 over time. Tyel “Pdesh™ % aiice had higher mean nuclel numbers and
mean layer width in the OMNL and IS/08 at all fime points compared to controls, although the
differences between the groups diminished over thme, The predicted trend line for the ONL
nuclet density and width was negative for both groups but steeper for the treated group. The
IS/0S predicted trend Hine between the groups had comparable slopes. (Grey dots represent
individual mouse data poinis. Black hnes connect the mwiean onfcome at esch tinwe pont. Red
hines are estimated mean trend Hoes from linear regression models, assumung linearity of the
outcome over time. Dashed lines are used for vontrols, and solid lines are used for knockowt

o 5 FFEIRONHG o
ghTSRHRIN y fised

wice. Comparisons of Tee I Palesh ™09 vomay T e
points: ONL nuclet density: Week 4 A< 0001, Week 3 P =010, Week & F=0.03, Week 8 P
= {75, Week 10 P =033, ONL width, Week 4 P <0001, Week 3 P=0.00, Week o =
G002, Waek 8P =049, Week 10 F =027 IS/08 width: Week 4 P=0.002, Weak & F'=
.02, Week 6 P <0001, Week 8 2= 0,68, Week 10 P =012, Comparison of the slopes
betwesn the two groups from the Hoear regression models: ONL density £ = 0.06, ONL

width 7= 005, IS/08 F = 039, First n value represents Tsel ™ Pesh™ 0H0 44 second n
represents Tsel O pegpl0ORH ook 4 =9 and n = 6, Week Sn=Sandn =4,
Week Sn=Dand n=4, Week§n=4andn=6, Week 10n =5 andn= 8},

Figures 4A-B. Retinal function was statistically improved in Teed”
PeohTRRERE pice compared fo contrels. Fig. 4A: ERG scotopie, photopic, and nuxed
brwove amphindes were acquired over time, and e b-wave respouses were higher i Fsel”
“ Plaeh Y prive compared with controls, (Grey lines gre eves frow ingdividual nuice,
Frons the linzar mixed models, solid black lines are estimated mean trgjectories for the
controls, and dashed black Hnes are for the experimental group. Likelibood ratio tests:
Scotopic P < 0,001, Mixed F = 0.002, Photopic £= 0,01, Week 4 both gfoups n = 6, Week &

-
!
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a2 e g B Jeonf o ¥ 2] 0
s for Tvel” Poeahl RSN g o g o TN poqhPRIREE week R both groaps

n= % Week 10 boil groups n=4, Week 12 n =4 for 75! Pdesh™T 098 ¢ w g oy
T3¢

TR p o g R EIIITNNG, Fig 4B Comparisons of knockeut versus control mice at imcd
points revealed that mean b-wave revordings were higher st every time point in the Tyel™
Fele TR araan compared fo controls and were statistically siznificant at sach time
pownt. (Small grey dots represent data points from individual eves; bold ved dots represent
means for the T3ef 0 pgesh RN Wit bold black dots reprasent means for Fxed™”
f’defﬁf"tf"“g"@‘{‘w =, Sww;aic: Week 4 P f}.a}z, Week 6 P = 0,9& Week & P 0.04, Mixed:

=001, Week § P=0.02.).

Figure SA-B. RHO immnuoreactivity reveals rod pressrvation over 12 weeks in
Fed ™ Pdegh™ O mice, Fig, $A: Inmunofleorescence staining of RHO was more
intense in the IS/OS laver of Tsel ™ Pdest ™ U8 pice compared to controls at every thoe
point, {Scale bar = 20 g m) Fige 5B The width of RHO-expression in the IS/0OS was
mensured at 300 nucrons from the optic verve and quantified. A statistically greater mean
width 1 the experimental group compared 1o controls was found af every time point. (Grey
cirgles represent daty from individual control mice; grey triangles represent individual
axperimentsl mice, The sohd black hine comnects means for controls, and the dashed black
line represents means for the experimentsl group. Week 4 F = (.008, Wesk 6 P < 0,001,
Week & £ =005, Week 10 F= 0,006, Weaek 12 P <0001, Week 4 n =6 for both groups,
Week 6 04 for Tsel " Pdest” L g o 8 for Tyed T p ek H00UNE Woek 8 n = 3

JOCHAR ) R SRR e ST IO X L R S LI 4 Y O
Tor TaelPdegh®O0OT0 o = & for T prepp/ TR ool 10 and 12 n =4 for

both wroups. k.
Figures 6A-B, Cone arvestin immuioreactivity reveals suggests cone

bll{ RIS I

preservation over time in Tsol“Pdeé, mice, Fig, 6A: Cones were staned with

anti-cone arresiin antibody gt multiple time pomnts, Higher mesn anti-cone arrestin

Inmunoreactivily was observed in the Tyl Peah™ S 0H0E

niics, compared o controls at
gvery time powmt. I both groups, there was a dechine i staning over time. (Scale bar= 20
g}, Fig, 68: Photorecepior nuglel mpmbers were quaniified, and a statistically significans
higher mean density was observed for the experimental group at every time point, (Grey
circles represent data from mdividual mice from the control group; grey triangles represent

individual muce from the experinwental group. The sohd black hne represents toeans for
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comtrels, and the dashed Black line represents means for the experimental growp. For all thime
points, o =4 for both proops, and B <0001, exeept Week 20, where P= (002,

Figures 7A-C, Downstream targets of mTOR sre upregulated in #3ei™
Piegh0HE pive, Fig, 7A: Increased gxpression of phosphorviated mTOR and the
doyenaiream protein S6 was detected in imnanofluorescence staining m the IS0S8 layers as
well as the ONL in the experimiental inice. Mevged DAPT images of nucle revealed the
tfocation of the ONL. (Scalebar = 20 pm ) Fig. 78 Immunoblot revealed upregulated
mTOR, p-TOR, p86, GLUTY, and pABBPI expression levels and downregudated TST
fevels tn the experiroental versus control groups. ATGS expression was pol significantly
affected by 73l ablation. Actin and whulin seyved ag loading controls, Fig, 7C: Frotein
expression was gquantified by analyvzing the fuld change betwesn the contrel and experimental
wroups. There was a statistically significant increase in mean profein expression in mTOR, p-
mTOR, p4EBPL pSo. and GLUTI, aud & significant decrease in mean expression i TSCH in
the expertmental group comparad o the controls. (TSCT F< .05, mTOR #< 005, p-mTOR
P07, ABBRE £ = 049, p4EBPL F < 0.05, S6 P = (.78, pS6 P < 0.05, GLUTI P < 0.1,
SREBP F =075, ATGS P=0.93, n =4 for botl groups.).

Figure 8 arg images showing no tumor formation up to 16 months following Tsel

¥ . ¥ i 2 ‘3 ¥
ablation in PdeghereQueng

srice, Tyl Pdech I gice were observed for sixtgen
months, Major organs were sabsequently harvested and subjecied to H&E staming, which did
not reveal tomor formations i any fested organs. (= §),

Figures 9A-B, 86 deficiency enhances electrophysiological function in bath
rods and cones, Fig, SAERG data were obtatned at weekly intervaly under dark- and Hght
adapied conditions to acquire scotopic, photopie, and mixed vod-cone h-wiaive amphivdes

{1V}, Linewr mixed models were fit to estimate the irajeciory of ERG outdomes over time,

and differances were assessed bv ikelthood ratio tests, Gray and lght red lines represent
wdividual eves; solid black and dashed red lines represent mean trajeciones from the mived

“F”\D’Fi (}'u‘» 28CH

maodels for Sirg W and Sires™ Pdesh™™ M reapectively. Sirrs”

' FEJOUHEGI0 o . e e g " : Do anry o] . .
Poleeh T EEE e had higher tryjectories compared to contrad mice for each outpome:

mitved {F <0001, photopie (= 0.048), and scotopie (P 0.004), {For

Araddons f&{e,}u{) TIARY.
& G5 ¥

Sl

-
N
b

cat S weeks nebo st Sweeks =8 a7

Pde st dweeks =T
woeks, 1= 8 gt § weeks, ne 3 For Sirs T Puesh ORI o gy weks, =5 at S wesks, n
=4 at & weeks, n = T at 7 weeks, = 9 af K weeks, =5 8t 10 waeks, n = 3). Fig. 88
comparson of ERG data under scotopic, photopie, and mixed conditions al 4, &, and 8 weeks
s provided. Gray and hight red dois represent data from mdividual nace, whereas black dots

9
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55

and red triangles are means for Mrd ™0 peeh I 40l Sinte™ Pegh TR
vespechively. There were statistically significan differences bebween the experbrental and
control mice gt all time points and all hightadaptation conditions except for photopic
vonditions al 4 weeks and scotopic at B weeks. A Huear mived model was it 1o compare
groups. Error bars reflect standard deviations. (At 4 weeky: scotopic bewave P= (0.004, maned
bewave £ = 0.01, photopic brwave £ = 0.3, al 6 weeks: scotopic b-wave P =0.007, mixed b~
wave £ < 0.001, photopic bowave £ = 0.003; at 8 weeks: scotopic b-wave £ = 0.2, mixed b-

wave P < 001, photopic bewave P== (.048),

Figures 10A-E are images and graphs showing that Sire deficiency improves
both rod and cone survival and robustness. Fig. 10A: B & E stamning of paraffin sections
of retinae showed thicker ONL and 15/08% lavers and a greater concentration of photoreceptor

3 i ¥ Hax 3 < ;
wuclel in 86 Pdesh ™ORN comnared with S T plegpTNITHIND e a1 3, 4, and

6 weeks. (Scale bar == 5 . White vertical bar represents the ONL, winle vellow verticat
bar represents 15/05)). Fig. 108: TEM of the photoreceptors” mitochonidria (yellow
arrywheads) showed that they ars healthier, with more oristae and longer cells bodies ia the

- : : ) dondlesF vy 3. o 3 FOIROES 00 : 3
Swret ™ Pdecl’ nsice compared with Sirs6 ™ pepp MY mice. An

GO0

ohservable difference between the mutachondria of each groap was detected antit 8 weeks, at
which point both group’s mitochondira appeared diseased. (Scale bar = 1 jm), Fig. 100
TEM of OS (red smrowheads) of photerezepstors showed that their discs are more plentiful

. . o o i OIS
and the length of each OS is much preater in the Sirg™ FleghPHoRHeE

compared with

Riprg T Py g price Theve is & diecline over time in both groups, although by &
weghs, the knockoit group still retained detectable OS while the control group appeared
complately delicient of them. (Grean arrowhead points to the boundary between the BPE
cells and the biopolar cells” pucled. Scale bar =1 pm). Fig. 10D-E: Stahistical analysis of the
ONL density (nuelei/0.0025 mm’y (Fig, 10D) and 18/08 thickness {um) (Fig, 108}
corroborated histological findings, confivming that Sirrg-deficient mive had significantly
higher density and thickness of the ONL and I1$/08 layers, respectively. Two-tatled ¢ fosts
were used to anplyes the data. {ONL cell devsity at 3, 4, and 6 weeks P« 0,001, 1%/08
thickngss at 3 and 4 wesks, £ < {001 at 6 weeks /=0 {}{}Eﬁ at S weeks, 7= 0.6 for both
ONY density and IS/OS thickness. For 86" P pfMH0C, 4 w4 o1 3 and 6 weeks, n

= 5 gt 4 weeks, 1 = 3 at § weeks: for S Pdesp @RI b 2 5 403 and 4 weeks: a =4 at

&and § weeks),
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Figures {1A-F are images, blofs and grapsh showing that Sivm defiviency provwdes
photoreceptor survival sad preserves cellular O8. Figs. 114-B: Rhodopsin autibody
staining of retingl OF layers was psed to compare morphologicsl differences between conirol
and weated mice. The expression of thodopsin was greater in the Sirt” Pdesh 009 mice
compared with controly al every time point. The width of rhoduposin was subssquently
quantified w boaged (Fig, 118). Gray dots represent data from mdividoal
Sirre?™OE ppghTIOEREE phice. and a black trend Hght was projected to connect the means
at each fime point. Stmilarly, light red iviangles represent indivadal data pointy from 85767
Pelesh N wmivs and the red dasbed ling represents a proejoted trendline to connect the
mieans of the 8™ Pdesl ™Y mice ot each time point, Two-taited 7 tests were wsed (o
analyze the data. (3 wesks: P ={.012, 4 weeks: P = D002, 6 weeks: P <1001, n= Fatall
time points. Scale bar = 20 pm). Fig, 11D Shortewavelength cone opsin antibody {blue)
stainmg of vetinal OF layers was used to compare worphological differences between control
and treated mige, The UF of cones are elongated in treated mice, with a greater density of cell
pucter compared with controls at every time point. Quantification by Imagel confirmed
observations {Fig, 11D, Graphical represenations and statistical atnalyses are identicgl as
indicated tn Fig. T1A-B. (3 weeks: B <0001 4 weeks: £= 0001, 6 weeks P 000 n=5
at alf time points. Scale bar= 20 ym). Fig. 1LE-F: DAPI {Ihue) and anti-cone arrgstin
{green) staining allowed visaalization and quantification of reting mucled and cone cell
markers, respectively. Results were merged indo composiie images. There 1s a greater densily
of cones at all time points in the experimental mice compared to controls, (Scale bar = 20
). Cone density (nucled/0.0025 nun®) was greater in the Si6 knockout miice at every iime
point compared with controls (Fig, 11F) (F <0001 at 4.6.8 and Wweeks, P = Q0016 4 12
weeks). Graphical represenations and statistical snalyses are identical gs indicgted in Fig.

HLA-B. (For Sipm ™

it LA IOG 5 2 . X T FRRIIFRGI0
Pl PN, o= 3y all thine poimis; for Sie " PdeghH UL

= 4 at all time points).

Figures 12A-F are tracess and images showing that Sirré deficiency in wild fype
background produces no phenetypic changes in functipnality or merphology of
photareceptors. Fig, 12A-C: ERG mixed, scotopic, snd photopiv b-wave valuss showed no
statistically significant difference between Sirts™ Pdesh™ ™™ and Soe™ = pegh’H e
mce. Recordings were taken 3 months post tamoxifen injection. Gegy dots represent valyes

from individual S Pdesh 9 mive, while the black dot represents the mean,

HEHS

Similarly, Hzht red miangles represent values fom individual Sing™ Pdesh mice, and
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ihe ved dot, the mean. (Eirvor hars show standard deviation. o+ 5 for both groups.). Fig. 12D
Fr H&E-stained retinal sections were colfected §rom both groups a1 4 monahs post tamonifen
imection. No observable differences in ONL or OS thickness were observed, Layer widths
were guantified, and results confined obssrved histologival findings. {Graphical
representations are identical ax those described in A-CL n = 5 {or both groups. While vertical

bar represents ONL, yellow bar represents I5/08. Scale bar = 30 pin ).

Figures 13A-H, Gene therapy improves function and survival of photorsceptorsin g
preclinical RP modsl, Fig. 13A: Schematic representation of the AAVI/S(YT33F -850 shRNA
pZac 1 yvector with the US promoter driving expression of the Sévd shRNA. Arrows imdicate the
direction of tanseriphon, 57> and 3™-ITR = inverted teromnal Yepeats of AAV, AopR = ampicillin
resistgnce gene; Fl ori = origin of replication. Fig, 13B-D: Mixed, photopic, and scotopic ERG b
wave recordings (pV) showed a statistically significant improvernent i the AAVZRY 733F)
St shRNA-njected ave comparsd with the PBS-injected eve af four weeks post injection.
Cray dots reprosent PBS-injected eyes, while red triangles represent N6 shRNA vegtor-
injected eyes. Gray lines connect eyes from the same mouse; black Hnes indicate differsnces
n means betwesn PBS-njected vs. vector-ijecied eyes. Paired 7 tests weve used o compare
veclor-injected and PBS~injected eves at each ime point. (Mixed: P =002, Photopic: P=
(.02, Scotopic: F= (.02 n= 4 for all groups), Fig, 13E-H: H & E stained retingl sections

\ FEXOOHEGHIO
were taken from & d-week-old Pdpah’ o o0

mouse that was mjected dorsally with

Stree shRNA in the right eve (Fig. 13E, Ieft). The ventral side of the tight eye was not
injected but was used as a control (B, rphi). Inthe lefl eve, PBS was injecied dorsally (Fig.
L3F, lefl) while the ventral side served as a controd (Fig, 13F, right). The dorsal side of the
AAV-njected vight eve shows retinal rescae {Fig. 13G), while control (PBS-injected) and
wntrented sites on the ventral side of cach eve show continued degeneration (Fig. 13H), Gray
dots represent values from individual PBS-mnjected retinae, while the black dot reproseuts the
mean thickness. Similarly, huht red mangles represent values from indrvidual $irtd shRNA
mjected retiae, and the red dod, the mean. (Exror bars represont standard deviapion, QWL P
=003, 1308 P=0.004, n=4 for all grovps, Whte vertical bar represents ONL; vellow bar

represents 19/08. Scale bar = 30 pm}.

Figurest4A-B, Sirf6 deficieney up-regulates levels of glyvealyti mstabolism
termediates, Fig. A Immunoblotting for regudators of glyeolvlic metabolism m the
retinae of treated and untrested mice al P21 revealed mcereased levels of byporia-inducible
factors 1A (HIFLA) and 2A {(HIF2A), glucose transporters T {GLUTT Y and 2 (GLUT2), and
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MY in Sird Pdesh 98 mive. There was a corresponding decrsase in von Hippel-
Landa (VHLY protemny and plactite debydrogenase A (p-LDHA). No differetioe was detectad
for LDHA between the groups. fi-actin (ACTINY was used as 8 loading control, Fig. 148:
Protein exprassion was quantified to assess changes between Siri6™ Pesh™ OHH gng
SirtTL PeghRTORE snd a paived t-text was used fo deternuine statistical significance.
HiFla, HiF2a, GLUTL GLUT2, and MYT were foand to be increased i the Sireg™
Pesh ™ OVERR mice compared 1o contrals. SIRTS, VHL, and p-LDHA were found to be

RGN

decreased in the Sivg ™ Pde group. No difference between groups was found for

{0.048, LDHA P =068, p-LDHA P=0.04, VRL £ =002 MYC P <0001 =4 for both

Srops.

Figures 18A-E. Lack of Nip16 increases the flow of cavbons from glucose to
downstream metabolites, Fig, 18A: A schomatic representation of glyeolysis and the TCA
cyele, highlighting kev metabolic mtermedintes that were compared i contrel and
experimental groups in (Fig. 158}, PC-labeled plucose injected intraperitonsally (ip.) is
converied inlo pyruvate, which is reduced nto lactate or oxidized in the mitochondria
through the TCA cycle. Red font indicates incorporation of the VO isotope into the

AT

downstream metabolites evaluated by GC-MS. Fig, 15B: Sires™ Poch” mice have
consistently hizher levels of PClabeled metabolites as compared with the
Sirge™ PO pRegpPRONHRE corprel mice. The graphs show the ratio of “C enriclment of
cach metabolite 45 minutes alter injection of “C-labeled glucose at 3 and 4 weeks, At 3
weeks, there was 8 statistically significant diffsvence in all mietabolite Igvels i the control

mificance duninished but remained

versuy experimental woice, At 4 wesks, the statistical 51

present for sonie of the rwetabolites: pyrovate, citrate, glutaming, lactate. Gray dots represent

values from mdividual Sipa @ pgeap PN e, while black dots vepresent the

SHE 0

mean. $imilarly, light red tiangles represent values from Individual Siri6” Pegh 087

’y h,i‘s' GIROHBIOR

mige; and the red dot, the mean, {~) represents Sid™ Pde miice, while {(+)

g ot E T QE yy ooy WRNHREISI0Q
vepresants S plpgp IR EY

mice. Two-tmled ¢ tests were used o gnalyze the data,
Error bars represent standard deviation, (7 < 0001 for all metabolites at 3 weeks. P < Q.03
for pyruvate, cifrate, glofamine, and Iactate at 4 weeks, F not significant for other
nietabolites. 1= 4 for Nirt6 PdespTO0EHE 40 Sire™ T plegh RIS e ot 3 and
4 weeks.). Figs. 1580-DnStatistical analvais to evaluate the relslive metabolic sbandance fold

change of glycolytic and TCA cycle intermediates af thiee weeks of age in the Sitt-deficient

13



a

10

is

20

30

WO 2017/201425 PCT/US2017/033575

versus control mice showed that ol metabolites were upregulated, alihouyh the glyeolyiic
maelabolites, namely lactite and pyravate, were significantly more upregulated compared wath

the TCA cycle intermediates. Al four weeks, a stinilar trend was observed, but the

significance was dinunished, although the lactate and pyruvaie still mamntained 3 stigmficantly
greater abundance compared with the TCA cycle intermediates. (Al three weeks, all

metabolies: P < 0001, n =4 for boil gronps. At four weeks, laclate: P=0.009; pyruvater P
= (.005; glatamine: £ = 0.02; malate: P=0.03; fumarate: £ 0.04; aspartate: = 0.03. All
othees, £ > 005 n =4 for both groups.). Fig. 18E: LO-MS {without ' e Jabeling) revealed
eleven sipmiicantly moreased downstream metabolites of glycolysis and the TCA ¢yclein the
Siree™ Pech NN potinae compared with the S pypep 0GB rapnae st three
weeks of ags. Two-tailed 7 tests were used to snalyze the data. (P < (.05 for all metabolites; n

=6 PEr STOU

Figures 164-F, PFK shRNA viral koockdown exacerbates retinal degeneration in
Puletp R ice, Fig, 16A-C: ERG mixed, scotopic, sud phatopic b-wave recordings were

obiningd from Pdugh’™ RN

mice imected with a lentiving expressing GFR, PFK-M, PER-L,
PFK-P or PER-PHMAL shRNAL A staiistically signtficant decrease in b-wave values under scolopic
conditions was detected when PEEK-PHMEL shRNA was introduced in the mice, sud 8 nolable bt
nonesignificant difference was detected under mixed and photopic conditions. Gray dots represent
values from individual mice, while the black dot represents the mean. Ervor bars show standard
devigtion. {Pairwise comparisons aeaast GFPF were conducied for each viral ijection: - Scotopic.
PEEM P =003, PRRAL P =087 FRKES P= 038 PERCPSMAL P =001 Mixed, PRKAM: =
074 PRK-L: Fo= 037 PRSP P 066 PERCGPAVIL: P = 0.06, Photople. PEK-M: =042, PFK-
Lo P 083, PEKAP: P 0044, PER-PHAHL P 01T e 3 for all groups except PEK-L, where n=
4.} Fig, 16D-F: Mice were mjected dorsally with the lentivivus while the veatral side was Teft
wtrested, An observable difference was detected between the injected and non-tijected sides in mice
expused 0 the lentivirus expressing PRI-PHMAL shRNA. The ditfersnce in the ONL and OS
thickness was quantified and found to be statistically significant for the FFR-PHMEL injection group
compared to GFP controls. Geaphical representations were rendered os desortbed above and showed
that ondy the combination of PFK-PAMAL led 10 a statistically sipmbficant decrease in each fayer,
{Scale bar = 20 am. Pairwise comparisons against GFP were conducted for each viral injection:
ONL, PRKA: 2= 008 PRR-L; P 088 PREGR 2= 092 FFKGPSML P = 004, OS5, PFE-M:
F=024 PRRAL: 2= 093 PRR-R P= 041 PRK-PHMHL P=001 n= 5 for all groups except
PERL, wheran=4.).
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Frgwre 17 is 2 inmunoblot showing that Vitexin {from English hawthom tree banies)
suppressed SIRTEG inunanoreattivity and uperaded HIF2 glyeolysis enhancer endothehal
PAS domain protein | (HIF2ZA, hypoxia inducible transcription factor Zalpha,). Anti-beta~

actin imnwanoresctivity was used as loading controls.
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DETAILED DESCRIPTHON

Retinitis pigmentosa (RPY ix apn incurable neurodegenerative condition fealuring
photorecepior death that leads to bhindness. Cunrently, there i no approved therapeutic for
photoreceptor degenerative conditions like RP and atrephic age-related macular degensration
(AMD). Although there are promising resuliy in human gene therapy, RP is a genetically
diverse disorder, such ihat gese~specific therapies would be applicable o ouly a simall
fraction of patients with RP. In RP, nutations in penes encoding phototransduction emeymes
such as rhodopsin and phosphodiesterase € {(PDEG) impair photoexcilation, creating
imbalance between anabolic and catabolic processes that leads to shortening of the outer
segmends (O8) of photoreceptors and evertually triggenmg cell death {2.9-12). The 08 &
shed and regenerated daily, but in diseased photoreceplors, there are sberrations in the
renewal cvole that lead o significantly shorter OS and subsequent dysgenesis (2.9)
Augmenting anabolism could theorstically fued protetn and lipid synthesis, thus encowraging
08 regenesis. This steategy could potentially serve s g treatment for RE by reprogranusing
rods towards anabolismy, preserving their ability to maintain the OS8, and increasing their

chance of survival,

The mechanistic target of rapamvein (mTOR} pathway has been identified ay a key
regudator of anabolism, mcluding such patbways as cellular metabohsm and growth based on
cues such as stress, hvpoxia, growth faclors and glacose concentrstion {13-135). Binding of
growth factors Hke insulin activates the mTOR complex (mTORC), promoting anabolic
procgsses such as ribosovne biogenesis, protetn synthesis and franseription  (16,17),
Simultaneously, catabolic processes Hke autophagy and apoptosis ave suppressed (18,19), A
siunilar affect is achisved i the presence of high levels of aming acids snd nutrients,
Previously, we collected preliminary data on the effects of mTOR upregulation by shRNA-
prediated silercing of the tuberous sclerosis complex 2 {TSC2) n a miouse model of RP and
tound increased photorezeptor numbers and preservation of function (20, Similar resulls
were oblained by Panro et sl when the mTOR pathway was upregulated i cones in four

different mouse models of RP (21).

As described bergin we determine the effects of a specific ablation of tuberous
sclerosis complex 1 {Tscl) in rods, which has not been explored before, using a tamoxifen-
inducible, rod-specific Tsel knockout Pdech™ TN gp wmodel, The Pdesh™00H¢

nngtation prevents normal activation of the phototransduction cascade and fentures rod OS
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dysgenesis (20, 22} While heterozygous mive are phenotypically novnal, homozygoles
experience relatively rapid photorecepior degeseration (20, 22). The present daty support the
hypothesis that upregulation of mTOR in rods by Tsel knockout van facilisate both rod and
cone morphological and functional preservation and snhanize survival of photoreceptor cells.
Similarly, # 1% expected that these effecis will also extend to neuronal survival and
preservation 1w glaucoma as well as 18 neurodegenerative conditions incloding Alzheimer’s
disease, Parkinson’s disease, Humtington's diseass, amyotrophic. lateral schlerosis (ALS),
Lewy Body dementia, and any condition that will benefit in increased glyendysis feading to

fmproved cell viahility and longevity.

in additton to mhibion of FSCE, a second stralegy we bave exploved nvolves
koockdown of Sirtwin-6 (SIBRT6). The histone deacetvlase SIRTS is a iranscriptional
repressor of glycolyiic gozymes that has been extensively studied in the context of
metabolism and tancer biology (391, Normally, SIRT6 divects glucose metabolism {0 proceed
through an acrebic fashion by maintaining histone H3 (H3K9} 10 g deacetylated form and by
repressing hypoxia inducible factor ta (HIF1a), a transcription factor (403, When nutnients
are scarce ov when SIRTE is systemically suppressed experimentally, glucose is preferentially
processed throngh glyeolvtic pathways, We hypothesized that knockdown of SIRTS in rod
photoreceptors could theoretically remaodel cellulsr meiabolism to favor glycolysis over
respiration (41-43}. Tlas showld ingrease the concentrations of intermediates in glycolysis and
the pentose phosphale pathway, thereby enbancing the production of fuels for O8 lipid
synthesis and promoting swevivel, Previous studies in » conventional systemic knockout,
Siere™ N were challenuing 1o duterpret because of nesative sfferts on synaptic ransmission
{44}, Wg therefore altered our approach to it ablation of 8 10 vod photoreceplors with
gt inducible gene disruption strategy. Using this model, we provided evidence that up-
regulation of glyeolylic flux through N6 kaockout can preserve both rod as well as cone

photoreceptors in a prechinical, Pded-associated BE modal.

In certain embodiments, & non-pene-specific strategy is  wiilized that entails
reprogramnung pholoreceptors {owards anabolism by upregulating the wTOR pathway. We

conditionatly ablated Tscl, an mTOR inhibitor, i the rods of the Paesh R

prechaical
RF mouse model and obsgrved, fmctionally and morphologically, an mprevement in the
survival of rods and congs at early and late disease stages. Similar findings were achieved
with conditional ablation of 3699, These results elucidate the abibity of reprogranvuing the
metabolome to slow photoreceptor degeneration. This strategy mway also be applicable o 2
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wider range of newodegenerative diseases, as snhancement of nutrient uplake i3 ool gene-
speciic and s nnphested o multiple pathologies. Enhancing anabolism promioted wearonal
survival and function and could potentially benelit g nuniber of photorecepior and other

degengrative conditions.

I iy noted that as weed hereln Tacl and Siet6 can refer v the gene or the protein
encoded for by the gene, as appropriate du the specific context uilived.  Addwsonally, in
certin contexts, the reference will be 1o the mouse gene or provein, and in others the huwman

gene OF profein as appropriate in the specific context.

While not wishing o be bound by theory, sspects of the present wnvention relste to
methods for increasing anabolisiy and devressing catabolisny in desived cells, in particudar, in
destred neuronal cells. Embodiments of the present fovention relate {o mneregsiig glyeolysis
in neuronal cells, leading to improved neuronal cell survival, Additional smbodiments of the
present invention relate to methods of increasing photoreceptor cell survival i desived patient
populations, including in patients with retinal degenerative diseases such a3 RP, AMD, and
claucoma, Indead, we hypothesized ihat enhancing anabolic processes can confier beneficial
effects on cells undergoing neurcdegeneration, and we have validated thix thepry m two
different gone targets, namely Tsel and Sirte. However, these penes and their {ranscribed
proteins are smong many ofhers that are involved in & complex pathway which regulates
cellular metabolisny, any of which may also be potential twrgets fv treating
nearodegenerative conditions. Thus, the inldibition or wpregulation of melabelic effectors,
TSCH and SIRTG being two such examples, may alsoe prove fruttul m the trealinent of such
conditons. This sirategy may also be used i combingtion with gene therapies and

neuriirophic fctor sdministration for heighiened treatraent effivacy.

In accordance with the pressol invention, thers may be numerous ols and eohnigues
within the ¢all of the s, such as those commonly usad fu molecular hmonmology, cellnlar
onnology, pharsmeolopy, and nucrebwolegy. See, eg.. Sambrook et all (2001} Molecular
Cloning: A Laboratory Manual, 3vd ed. Uold Spring Hubor Laboratory Press: Cold Spring
Harbor, NUY.; Ausubel et al. eds. (2005} Current Protocols in Molecular Biology. John Wiley
and Sons, e Hoboken, NI Bomfacwoe ef gl eds. 2003) Current Protocols in Cell
Biology. John Wiley and Sous, Inc. Hoboken, NUJ.; Coligan et al eds. (2005) Current
Protogols in Immunology, John Wiley and Suus, e Hoboken, N3 Coico st al. eds, (2005)

Current Protocols iy Microblology, Jolw Wiley and Sons, Incs Hobokea, NoI1; Coligan et al.
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eda. (20051 Current Protocols in Protein Science, John Wiley and Suns, Inc. Hoboken, NJ.;
and Eona et al eds. (2005) Cutrent Protovols 1 Pharmwecology, John Wiley and Sons, Ines

Hoboken, NI

By CTSCL™ 78" "ieel” "Thel "is mesnt to inclue the DNA, RNA, mRNA,
cDNA, recombinant DNA or RNA, or the proteln arising from the tuberous sclerosis complex
togene: The hwman nocleotide sequence can be found of Gene D0 7248, The mouse

nuclentide sequence can be found at Gene 1D 64930,

By “SIRTS,” "NIRTe, " "Sit6,” "Sirdd "is meant o inclue the DNA, RNA, mRNA,
CONA, recombinant DNA or RNA, or the protein arising from the Sirtuinsd gene. The human
nucleotide sequence can be found at Geng 1D: 51348, The mouse nuclentide sequence can be

found st Gene {3, 30721,

s

By “newronal” is mieant to refer 1o and inchude any cells which comipose the ceniral or
peripheral nervous system. (See for detaily, Dowhing JE. The reting - an approgchable part of

the brain. Rev, od. Cambnidge, Mass.: Betknap Press of Harvard University Press; 2130}

By “retinal™ is meant o refer to and include sny lght-sensitive cells o the sve ay well

<

s the supporting cells that enable, Taciliiate, of ate related 1o the phototransduchon castade.

By "nugleic gcid” or "nucleic acid molesule” is meant o mclude a DNA, BNA,
MBRNA, cOMA, or recombinant DNA or RNAL

N

By “animal” is meant any member of the antmal Magdom iwhuling vertebrates {a.g.,
frogs, salamanders, chickens, or horses) and nvertebrates {eg., worms, ete). Preferred
ammals are mammals, Preforred manumalizn animals include bvesiock smmals (eg.,
ungwlates, such as bovings, buffylo, equines, ovines, porcines and caprines), as well as
rodents {e.g., mice, hamsiers, rats and guinea pigs), conines, felings and primates. By "non-
bhuman” i3 meant {6 include all animals, especially mammals and ncluding primates other

than human prinates.

By "medium” or "media” is mem the mutrient solution in which cells and tissues arg
[rown,

The term  pharmaceutically  acceplable carmer”, as used herein mesns 2
pharmaceutically-acceplable matenigl, compesition or vehicle, such as a hguid or solid fifler,

dilugnt, excipient, solvent or encapsulating matenial, involved i carrving o transporiing a
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chumical apent. The diluent or carrier gredients shoeld net be such as to diminish the

therapéutic effects of the achve compound(s).

The terne "composition™ as used heremn means a product which resulis from the

mixing or combining of more than one element or ingredient.

L4r

Freating” or “reatiment” of & state, disorder or conditinn includes:

{1} preventing or delayving the appearance of clinical synploms of the state, disorder,
ot condition developing m a parson who may be afflicled with or predisposed to the stais,
disorder or condition but does not vet experience or display clinigal symptoms of the siate,

disorder or opndition; o

{23 inhibiting the state, diserder or condition, Le., arresting, reducing or delaving the
development of the disense o a relapse thereol (in case of maintenante treativent) or at least

one clinios! syniptons, sign, or test, thereof] or

{3} religving the disease, te., causing repression of the state, disorder or condition or

at least one of its clinteal or sub-clinical symptoms o sigas,

The bensfif to a sulyject 1o be treated iy eithey statistically munifivant or at lgast

perceptible fo the patient or to the physician.

A Sthevapeutically effective amownt™ miedns the amount of a compound that, when
adnunistered 0 an antmal for treating a state, disorder or condition, is sufficient 1o effect such
traatment. The “therapsutivally eifective amount” wall vary depending on the compound, the
disease and Hy seventy and the age, weight, phyvsical condition and responsiveness of the

anmmal to be treated.

Acceptable exciptents, dituents, and carmers for therapeutic use are well known w the
pharmaceutical art, and arg described, for example, in Remington: The Scignce and Practice
of Phavmacy. Lippincott Williams & Wilkins {A. R, Gennaro edit. 2003} The choice of
pharmiacentical excipient, diluent, and carrier can be selected with regard v the miended

route of asdnunisiration and standard pharmacentical praclice.

As used herein, the phrass “phatmaceutically acceptable” refers o molecular entities
and compositions that are “penerally regarded as safe”, e.g., that are physiclogically twolerable

and do ol typically produce an allergic or sinudar untoward reaction, such as gastric upsel,
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dizriness and the like, when administered to a hopan. Preferably, as aved hereln, the term
“pharmacentionlly acceptable™ means approved by a regulatory agency of the Federal or a
state governmient or listed m the US, Pharmacopoeia or other generally recognized

pharmacopeias for use in andimals, and more particularly in humans.

T s noted that Phorbed Myristate Acetate (PMA) acts as an inhibitor of Tsel and s
desoribed on the world wide web sabiosurences comfapp/mior himl Additonal Tuel

mhibliors are expecied to be usefid n aspects of the present invention,

Exemplary. SIRTO ndubitors have been identified and discussed by Yasuda et sl
{Anal Chem. 2011 Oct URI(19)7400-7), Schlicker et al. {Aging , 2011 Sep; 3(V); ¥52-872},
Sinph et al {J Chwomatogr 8 Analyt Technol Biomed Life Sci. 2014 Oct 1100 103111, and
Parenti et gl (J Med Chem. 2034 Jun 12:87(11)3:4796-804), Examples of specific SIRT6
inhibitors mclade fenugresk ssed extract, guercetin, naringenin, vitexin, SYNIT7I9303,
BASIZSSS4TH, SYNHI366754, and BASOU417531. Another example of a SIRT6 inhibitor is
Vitexin (solated from Hawthorn free berries), which in cedain 1nstances can be given by PO
or fornwlated in g sustained-relesse formn, biodepradable tmiplant in the human vitreous,
Additionally, any suitalile mode of delivary can be utilized for administerng one or more of
the SIRT6 inhibilors. These and additional exemplary SIRTG inhibtiors are expected 1o be

nseful alone, or 1w combination 1o aspects of the present invention.

I cenain embodiments, the methods of the present disclosure can be used for
arredting progression of or amsliorating vision  loss  associated with  photorecepior
degeneration ncluding  retinitis pigmentosa (RP) and ape-related macular degeneration
{AMD) in the subject. Vision loss linked to rethuitiz pigmentosa may nclude decrense in
peripheral vision, central {reading) vision, night vision, day vision, loss of color perception,
loss of gontrast sensitivity, or reduction i visual scuity. The imethods of ihe presemt
disclosure can also be used to prevent, or arrest photoreceptor fumction loss, of increase

photoreceptor fnetion in the subject.

RY is diapnosed i part, theough gn examination of the refing and genetic testing. The
eve exam usually reveals sbnormal, intraretinal pigment nugration. Additional tests for

disgnosimg RP mclude electroretinogram (ERG) and visual field testing.

Methods e measwing or assessing visual Duosction, retinal fanction {sweh as

responsiveness o light stimulation), or retingl structure in 2 subject are well knowa o one of
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skall in the art Bee, eg Kanskt's Chinical Qohthalmolowv: A Svslematic Approach, Edition 8,

Elevier Health Sciences, 2015 Methods for measuring or assessing retinal response to lght
mickude may include detecting an electrical response of the reting 1o g hght stimulus. This
résponse can be detected by measuring an electroretinogram (ERG; for example full-field
ERG, muoltifocal ERG, or ERG pholostress test), visual gvoked potential, or oplokinetic

nystagmus {3ee, eg., Wester of al, lnvest. Ophthabmol, Vis. Sl 48:4542-4548, 2007).

Furthenmore, ratinal response 1o light mayv be measured by dirsctly detecting retinal responss
{for example by use of a microelectrode at the vetinal swrface). ERG has been exiensively

described by Vincent of al Reling, 2013 Jan33(1%5-12. Thas, methods of the present

disclosure can be used to Improve visusl function, retinal function {such as responsiveness {0
fight stiroplation), retinal structure, or any othey clinical svmploms or phenotypic changes

associated with ocular diseases in subjects afflicted with voular disease.

“Pattent™ ot “subject” refers to manumals and includes human and velgrinary subjects,

The dosage of the therspeutic Formulation will vary widely, depending upon the
mature of the disense, the patents medical history, the frequency of admbmistration, the
manner of admimstration, the clearance of the agent from the host, and the like. The ninal
dose may be larger, followed by smaller maintenance doses. The dose may be administered
as infrequently gy weekly or biweekly, or frachonated into smaller doses snd adovmstered
daily, semi-weekly, elc, fo mainiain an effective dosage level In some cases, orsl
adpuinistration will reqaive o higher dose than if administered intravenousty. In some cases,
topical administration will inclade applicabion several times a day, as needed, for a number of

days or weeks inorder to provide an effective topical dose,

The tenm “carrier” refers 1o a diluent, adjuvant, excipient, or vehicle with which the
compound is administered. Such pharmaceutical carriers can be sterile Hauids, such as watgr
and oily, incloding those of petrolewmn, aninnl, vegetable of syuthetic otigin, such as peamgt
oil, sovbean oil, mineral ¢il, olive oil, sesame ofl and the ke, Waler or aqueous solution
saling solutions and agusous dexwoss and ghyvernl solutions arg preferably emploved as
carpiers, pariicolatly for injectable solations. Alternatively, the carvier can be a solid dosage
form carrier, mchuding but not Himited 0 one of more of a binder (for compressed pills), a
glidant, sw encapsulating agent, a flavorant, and a colovamt. Suiiable pharmacentical carriers

arg described in “Remington's Pharmsceutical Sciences” by E. W, Martin,
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As used hergin, the torm Sadjuvant” refers 1o a compound o mistare thai enhances
e ymtmme regponse to g antipern. Ant adjuvant can serve as & tisste depot that slowly
releases the antigen and also as a lvmphoid system activaior thad non-specifically enhmaces
the inmune response (Hood et al, Immunclogy. Second Ed., 1984, Bemjanun/Cumnungs:
Menlo Park, Califl, p. 384}, Often, a primary challenge with an antigen alone, in the absence
of an adjuvant, will fail o elicit & humoral or celludar e vesponse. Adpuvants include,
but are not limited to, complete Freund's adpovamnt, incomplete Freund's adjuvant, saponmn,
mineral gels such as abuminen hydroxide, surface aciive substances such as ysolecithing
phaonic polyvels, polvanions, peptides, ofl or hyvdrocarbon enndsions, keyhole hmpet
hemoeyantus, sod potentially usefl buman adiavants such a8 Neacetyb-muramyl-L-threonyi-
Deisoglutsming {thr-MDP), Neacgtyl-nor-muramyb-Lealanyl-D-isoglatamiue, K-
acetylmuranylL-alanyl-D-isoghutaminy bL-alanine-2-(1 <2 dipalmitovisa~glycero-3-
hydroxyphosphoryloxy-ethylamine, and BCG (bacille Cabnette-Guerind, Preferably, the

adjuvant is pharmacentically acceptable,

o

Vertors of the present disclosure can comprise any of a number of promoters known
tor the ant, wherein the promoler is constitutive, regulatable or inducible, cell type specific,
tssug~specific, or species specific. In addivon o the sequence sufficient fo direct
pranscription, & promoter sequence of the fivention can also include sequences of other
regulatory elements that are involved in modulating transcription {e.g.; enhancars, kozak
sequences and infrons). Many promoterregulatory sequences usefid for driving constiative
expression of ¢ geng arg available in the art and include, but sre net Hinitedd to, for example,
CMVY {cytomegalovirus mromoter), EFia (human elongation factor 1 alpha promgter), SV
{simuan vacuolating virus 40 promoter), POK {mamnabian  phosphoglycerate  kinass
promoter), Ube (human abiquatin © prorooter), butnat beta-actin promoter, rodent bete-achin
prowmoter, CBhE (chicken befa-actin promoter), CAG (hybnd promoter comtpins CMY
enhancer, chicken beta actin promwter, and rabbit beta-glolin splice accepior), TRE
{Tetracychne resporse eloment promoter), HI (unan polymerase 1 RNA promoter), U6
(human U6 small nuclenr promoten), and the ke Moreover, indugible and tissue specific
expression of an BNA, pansmembrane profgns, or other protens can be sccomplishad by
placing the pucleie acid encoding such a molecule wnder the control of an inducible or tissue
specific  promoterfregulatory  sequence.  Examples of tissue  specific of  inducible
promoterregulstory seguences which are useful for this purpose include, but sre not limiled

te, the rhodopsin promuter, the MMTV LTR mducible promoter, the SV4G late
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enhancgr/propmoter, syaapsin 1 promoter, BT hepatocyie promoter, GS glutenine synthase

prowmoter and many others. Varooes commercially avatlable obiguions as well as tissue-

speeific. promoters can be  foumd & indiwwwinvivogsnsomimomes-is and

Bpedwwy aklsne oty In addition, promoters which are well known in the ant can be

indaced i response o inducing agents such as wmetels, ghacocorticoids, tetracycling,
hormones, and the like, are also conternplated for use with the nvention. Thus, it will be
appreciated that the present disclosure includes the use of any promoerregulatory sequencs
known 1 the agt that is capable of driving expression of the desived protein operably linked

thereto,

Vectors according 1o the present disclosure can be transformed, fransfected or
otherwise introduced ito a wide variety of host cells. Transfection refers {o the wking up of a
vctor by a host cell whether or not any coding sequences are in {act sxpressed. Numerous
methods of transfection are known to the ordipartly skilled arfisan, for examples,
lipofectannine, cgloiwm phosphate  co-previpiiation,  electroporation, DEAE-dextran
{reatment, microinjectinn, viral tansduction, snd other nwethods known W the Wt
Transduction vefers 1o entry of a viras o the cell and expression (e.g., transcription andfor
translation} of sequences delivered by the wiral vector genome. In the cse of 8 recombinant
vector, “ransduction” generally refers o entry of the recombinmt virgl vector imto the cell

and expression of & nuvleic auid of intergst deliversd by the vector gentme.

In curtain embodiments, the methods described herein can be utilizad to et ocular
disease, newronal dissase, or improve photoreceptor function in a patient and can comprise
administering to the patient an effective concentration of a composition comprising any of the
revombinant AAVs described herein and 8 pharmacentivally acceptable carrier, In ong
embodiment, an effective concentration of virns is x 10°~ 11 x 107 GO/l The range of
viral concentration effective for the reatment can vary depending on factots including, bt

not hosited to specific nuutation, patient’s age, and other clinical paramesers.

Production of recombinant AAV wectors and thelr ase in in witre and in v
administration has been disoussed 1o detal by Geay et al. {Corr Protos Neuaroset. 2011 Qct,

Chapter:Unit 4170

The recombinant ASY contaming the desired recombinant DNA can be formulated

into o phermpceuiical cowposition idended for subretingl or infravitrgal mjection. Such
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fornmstation invelves the use ofa pharmaceutically andior phvaiclogically scceplable vehivle
or cartier, pavticudarby one suttable for adounistration to the eve, gg. by Subrehnal hyettion,
such g buffered saline or other buffers, ep., HEPES, o maintain pH at appropriaie
phyvsiclogical levels, and, oplionally, other medicinal apents, pharmaceusical agents,
stabiliang agents, buffers, carviers, adjuvants, dilnents, efc. For mjection, the carrer will
typically be o hguid. Exemplary physiologically acceptable carriers include stenile, pyrogen-

fres water and sterile, pyrogen-free, phosphate buffered saling.

I one embodiment, the carner {8 an 1sdiomic sodinmy ehlonde solution Iy another
ewbodiment, the carger 15 -balanced salt solubion. In oie eubodinent, the cartier includey
tween. I the vivus 18 1o be stored long-term, i yoay be frozen in the presence of glyeevol or
Tween-20. In another embodiment, the pharmacentically scceptable carrier conymises a
swrfactant, sueh s perfhomocisne (Perfluoron Hguid) In certain embodimenis, the
pharmaceutical composition described above is administered 1o the subject by subretinal
injection. o other embodiments, the phormacentical compostiion &5 administered by
intravitreal injectinn, Other forms of adounistration that may be useful i the methods
described herein inclade, but are not lomiied to, divect delivery o a deswred organ {eg., ihe
eve), oral, inhalation, burenasal, intratracheal, intravenous, tramuscolar, sublutanecus,
intradermal, and  other parental routes of administration.  Additionally, routes of

sdministration may be combined, i desived.

fn preferred siwmbodiments, routg of administration s sulwetinal injevtion or

inravisreal injection

“Treat™ o Teating” rwefers o adoumistening n therapeutic agent, such as a
composition containing any of the Hssug-specifie, e, nouronal or oculsy tatgeted viral
veptors, RMAL shRNA or other Tsel or Sintd mhilutors, vombinations theveol, or smulax
compostions described herain, internally ‘or externally to 8 sulject or patient having one or
more disease symploins, or being suspected of baving a disease or being at elevated at visk of
acguiring a disease, for which the sgent has therapeutic activity. Gene editing technology
such ay CRISPR/casy methods may also be wiilized to vamy out Hissue-specific reduction of
Tsel, Suth or a combination thereoll Typically, the agent s adminisiered m an amount
effeciive to alleviate one or more disegse symptoms in the treated subject or population,
whether by inducing the regression of or inhibiting the progression of such symptomi{s) by

any clinically measurable degree.  The amonnt of a therapewtic apent that 8 effective o
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alfeviate any particular disesse svinptom {also referred to as the “therapewtically effective
amoast”y way vary decording o factors such 85 the disease state, age, and welglt of the
patient, and the ability of the drug o elicit 3 desired response in the subject Whether a
disease symplom has besn alleviated can be assessed by any chinical measurement typically
used by physicians or other shilled bealthcare providers 1o assess the severity w progression
status of that symiptom. While an embodiment of the preseut wvention {e.g., a treatment
mathod or article of manifacture) may oot be effeciive in alleviating the {arget diseass
symptom{s} i every sulject, it should alleviate the target disease svmpltonxs) I a
statistically significant number of subjects as deternuned by any statistical test known n the
art such as the Student's t-test, the chi™est, the Ustest according to Mann and Whitney, the
Kruskal-Wallis test (H-test), Jonckheers-Terpsira-test and the Wilcoxon-test.

“Treatment,” a8 it applies to a human, veterinary, of research subject, vefers fo
therapeutic treatment, prophylachie or preveniative messures, (0 research and duagnostic
applications. “Treatment”™ gs it applies 10 & human, vetevinary, or research subject, or cell,
fissue, ov organ, encompasses transfection of any of the Hissue-targeted viral veclors, delivery
of RMNAL shRMNA or other TSCU or SIRTS inhabitors, combinations thereof, or sttlar
compositions, including gene editing fechnology such as CRISFR/cas® methods, which nay
be utilized 10 carry out Ussue specific reduction of TSI or SIRTS, combinations thersof or
related methods described herein as applied to a human or animal subject, a cell, tissue,
physiological compartmend, or physiological fnd

Inhibitory Nucleic Acids that Hybridize to Tscf or Niv6

It 13 noted that in addition to Tscl, the transeriptional reprassor of glveolysis known
as Sartinp 6 (Sil6) induced degeneration and is anothey process which coudd potentiadly be
hlocked by inlubilory compounds in & sioular manner as descnibed hevein for Tsel. Any
number of means for inhubiting Tsel andfor Si6 activity or gene expression cpn be used
the methods of the mvention. For example, a nucleic acid moleruls complementary (o at lsast
# portion of a bume Teel andior Sinté encoding nuclele acid can be used {o nhibit Tsel
andior SING pene expression. Means for indnbiting gene expression using short RMA

muolecules, for example, are known. Among these are short nterfering RNA {(:iRNA), soall

iemporal RNAs (SIRNAs) and micro-RNAy (miRNAs) Short mierfering RNAs silance
genes through an mBRNA degradation  pathway, while stRNAs aad nuRNAs ae

approximately 21 or 22 st RNAs that ave processed from endogenonsly encoded hairpin-

structurad precursors, and function o silence genes via translational repression. See. g
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Meblamus et ol BNA, K6E342-80 (20021 Moras ef al., Science, 30868 1389-92 {2004y

He and Pannon, Nat Rev Genet, S{7Tr322-31 (20043,
"RMNA interference, or RNAL a form of post-tratiscriptional gene silencing ("PTGS",

describes effects that result from the miroduction of double-stranded BNA mic cells
{reviewed in Fire, A, Trends Genet 18:358-363 (1999); Sharp, P. Genes Dy 13:130-141
CHE99) Honter, C Curr Biol RG0-R44T (1999, Bawlcombe, B Curr Biod % RI99-Re
{1999, Vaucheret ot gl. Plant ¥ 16 651-639 {1998)). RNA interference, commonly referred
to as RNAL offers a way of specifically inactivating a sloned gene, and i3 powerful tool for

mvestigating pene function.

The active agent tn RMNAL i3 4 long dowble-stranded {antiparallel duplexy RNA, with
one of the strands comesponding or complementary o the RNA which 15 to be inlubited. The
inhibited RNA is the target RNA. The long double stranded RNA is chopped inte smaller
duplexes of approgimately 20 to 25 nuclevtide pairs, after which the mechanism by which the
stanller RNAg mbibit expression of the farget is largely wnkoown at this tme. Wiile BNAL

that RNAI nught be suitable only for studiss on the oocvie and the prevmplantation sibryo.

Morg vecently, # was shown that RNAL would work in buman cells if the RNA
strands were provided as pre-sized duplexes of abowm 19 nucleotide pairs, and RNAL worked
particularty well with small unpaired 3' extensions on the end of sach strand (Elbashir et al.
Katore 411; 484-498 (20010 In thus report, "sheet interferiag RNAY (5iRNA, alse relsred (o
as small wteriering RNA)Y were applied fo cultured cells by tramsfection in oligofectamine
micelles. These RNA duplexes were too short to eheit sequence-nonspecific respotses hke
apoptosis, vet they efficiently minated RNAL Many Iaboratories then tested the use of siRNA
0 knock oul target genes w mammalian vells. The results dempustrated that siRNA works

guite well 1 most fustances,

Software progiams. for predicting 9IRNA sequences 1o mlubil the expression of a
farget profein are commercially avalable and find use. One program, siDESIGN from
Dharmageon, Ine, {Lafayets, Colo), pernuis predicting siRNAs for any nucleic awmd
sequence, and 18 available on the internet ot dharmaconcom. Programs for designing siRMAs
arg also availgble from others, meluding  Genseript (available on the intermer at

genscript.onny’ssh-buvappinaly and, to avademic and non-profit ressarchers, fom the

b
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Whitehead  Instituie  for Biomedical Research found  on the worldwides web at

Mara wbmitsdepubinip Aond whmitedu/siRN Aeg ™

Any sutlable virgl knockdown systern conld be wiihzed for decreasing Tl andior
Siné mRNA levels—including AAV, lentiviral vectors, or other sutable veciors that are

capable of beiny targeted specifically to the liver. {See Zuckerman and Davis 2815).

Additionally, specilically targeted delivery of sh¥sed or Sirtd mRNA or other Tsel or
St blocking molecule (nucleie aad, poptide, or small molecule) could be dehvered by

targeted hiposome, nanoparticle or other suitable means.

As deseribed herein we provide methods as well as one or more ggents/conpounds
that silence or mbibit Tscl, Sirté, or combinations thereof for the treatment, prophylaxis or
alleviation of degenerabive eye couditions inchuding RP AMD, glascoma, sud reladed
condifions, as well as newodegenerative conditions described herain, or predisposition o
stich ponditions.

RNA nterference (RNAL} 15 & method of post transcriptional geng silencing (PTGS)
induced by the divect wmitroduction of double-stranded RNA {dsRNA)Y and has everged a5 a
usefil ool to knock ol expression of specific genes W a vaviety of organisms, RMNAL 5
described by Five et al, Nabure 391806-811 (1998), (Other wethods of PTGS are known and
mclude, for example, ntroduction of a transgene of virgs. Geverally, in PTGS, the transeript
of the silenced gene is synthesised but does not accunulate because it is rapidly degraded.
Mathods for PTGS, meluding RNAIL are described, for example, in the Awmbigu.comn world
wide web aite, 1 the directory "holtoptoy™, i the "mat” file.

Suttable methods for RNAY i vitro are described beretn, One sich method involves
the mroduciion of sIRNA Gsmall interfering RNA)Y. Current models indicate that these 21-23
nuclentide dsRNAx can induge PTGS. Methods for designing effective siRNAx are described,
Tor example, in the Ambion web site deseribed above. RNA precursors such as Short Haingn
RINAs (shRNAs) can also be encoded by all or a part of the Tscl or Sint6 mucleir and
SECRIENCE,

Allernatively, double-stranded (ds} RNA is 8 powerful way of interfering with gene
axpression in g range of organismg that has recently beet showa to be successful 1o mannnnls
{Wianny and  Zermicka-Gostr, 2000, Nat Cell Biol 2:70-75). Double stranded RNA

corresponding 1o the sequence of a Tsel ar St6 polynuclectids can ba fntroduced o or
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expressed in oocvtes and cellx of 8 candidate orpanism 1o interfere with Tsel andéor Sing
Achivity.

Tsel andfor Sint6 gene expression my also be modulated by introducing peptides or
stmall molecules which inhibit gene expression or fimctional activity, Thus, compounds
identified by the assayy described hereln as binding to or modulating, such as down-
regulating, the amount, activity or expression of TSCH and/or SIRTG polypeptide may be
administered to targst cells to prevent the funclion of TSC andior SIRTG polypeptide. Such
a compound may be adminisiered along with a pharmaceatically acceptable cawvier in an
grmoont effechive o down-regulate expression or activity. TSCH andior SIRTH, or by
activating or down-regulnting a second signal which controls STCT andfor SIRTE expression,
activity or amount, and thergby slleviating the sbnormal conditinn.

Alernatively, gene therapy may be emploved to control the endogenous production of
Tsel andfor Sivt6 by the relevant cells such as newronal cells or photorecepior cells, e, vod
and cong cells in the subject. For example, a polyoucleotide sncoding 3 Tsel or Sirg6 siRNA
or g porbion of this may be engineered for expression in a replication defective retroviral
vecior, as discussed below. The retroviral expression constroct may then be isolnted and
introduced o a packsging cell ransduced with a retroviral plasmid vecior containing RNA
sncoding an ant-Tsel or Sintd siIRNA such that the packaging cell now produces infertious
viral particles containing the ssquence of interest. These producer cells may be administered
o 1 subject for engineering cells fo vivo and vepulating éxpression of the TSCH or SIRTH
polvpeptide B viva, For overview of gene therapy, see Chapter 20, Gene Therapy snd other
Molecular Genetic-hased Therapeutic Approachss, {and references cited therein} in Human
Molecutar Genetics, T Strachan and A P Read, BIOR Scientific Publishers Lid (19963,

In some embodiments, the level of Tsel, Sirts, or combinphions thereof, is decreased
moa desirad targst cell such as a newsnal cell or the virgous. Furthermore, w such
embodiments, freatment may be tarpeted to, or specific {o, desived target cell such as a
negronad cell or the vitreous. The expression of Tsclor S may be specifically decreased
only in the desired target cell such s & newronal cell or the vitreous (1.2, those cells which
are predisposed o the condition, or exhibiting the disease already), and not sobstantially n
othier pon~-diseased cells, In these wethods, expression of TSCH andior SIRTG may not be
substantially reduced in other cells, 1e., cells which are not desired tiwget cells. Thus, insuch
embudimants, the Jevel of TSCI, SIRTE or combmations thereot, remains substantially the

same or similar in non-larget cells in the course of or following treatment,
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Alernately, one may administer the viral vectors, RN AL shBNA or other Tsel or
Sirt6 inhibitors, or related compounds i alocal rather than systemic moanner, for exanmple,
via injection of directly into the desired target site, ofien in @ depot or sustained release
formulation. Furthenmore, one may admimister the composition in @ targeted drug delivery
sysem, for example, in a liposome coaled with a tissue-specific antibody, targeting, for
exainple, specific neorons, or e virtreous, and move specifically hepalocytes. The
liposomes will be targeted 1o and taken up selzctively by the desived tissue. Also included in
a tavgeted drug delivery sysiet is nanoparticle specific delivery of the vival vectors, RNAL
shRNA or other Tsol, Sut6 intubitors, alone or in combination. A sununary of varions
delivery methods and techniques of sIRNA adounistration v ongeing chnieal irials is
provided in Zuckerman and Davis 2015; Natwrs Rev, Drug Discovery, Vol 14 B43-856,
Dree. 2015

The adminstiation regimen depends on several factors, mcluding the serium of tissee
turnover rate of the therspeutic composition, the level of symptoms, and the accessibiliiy of
the target cells v the biologieal matnx.  Preferably, the admimstration regimen delivers
sufficient therapesiic composition 1o effect mprovement in the farget disease stale, while
simulianeously minimdzing undesired side effects,  Accordingly, the amwouat of biologic
delivered depends in part on the particular therapeutic composition and the severity of the
condition being trested.

In preferred embodiments, route of administiafion s subretingl mjection o
imravitres] wmjection,

Methods for modification of genomic DNA arg well known in the arl. For example,
methods may use o DNA digesting agent to modify the DNA by aither the non-homologous
end Joiming DNA repair pathway (NHED or the homology directed repsir (HDR) pathway.
The term “DNA digesting agent” refiars to gn agent that is capable of cleaving bonds (e
phosphodiester bonds) between the nucleptide subunits of nucleic acida,

In one embodiment, the DNA digesting agent s a nuclense. Nuclesses gre eneymes
that hydrolyze nucleie aoids. Nugleases may be classified as endonucleases or exonucleases.
An endovuclease 18 any of a group of enzymes that catalyvze the hydrolysis of bonds between
nuclere acids in the fnterior of a DNA or RNA molecule: An exonuclease is any of a group of
enzymes that catalyze the hydrolysis of single puclentides from the snd of 2 DNA or RNA
chair. Nucleases may also be classified based on whether they specifically digest DNA or
BNA. A nuclease that specifically catalyzes the hvdrolysia of DNA may be vefewed 10 as 2

deoxyribonuclease or DNase, whereas g nuclesse that specifically calalyses the hvdrolysis of
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RNA may be relerted {0 as & nbomiclease or an RNase. Some nucleases ave specific to either
stnglestranded or double-sfranded noelsic scid sequences: Some emgvimes have both
sxonuclesse and endonuclesse properies. In addition, some snzymes arg able to digest both
DNA and RNA sequences.

Non-limiting examples of the endonucleases include a zine finger nuclease (ZFN), a
ZEN dinter, 8 ZFNickase, a trapscription activator-hike effector nuclease {TALEN), or a
REMA-guided INA endonuclease (e, CRISPRAC a9}, Meganucleases arg endonucieases
characterized by their capacity to recognize and cut large DNA sequences {12 base pairs or
greater). Any sudable meganuclease may be used in the present methods (o crepte double~
strand bregks in the host genome, including endonucleases in the LAGLIDADG (REQ 1D
NO: 1) and Pi-Sce fanuly.

One example of a sequence-specific nuclease system that can be used with the
methods and compositions described heretn includes the URISPR system (Wisdenheft, B ot
al. Wature 482, 331-338 (2012); Jinek, M. et al. Science 337, R16-821 {2012); Mali, P. st sl
Science 339, 823826 (2013); Cong, L. st al. Science 339, R19-§23 (2013)). The CRISPR
{Clustered Regulurly inferspaced Shont Palindromic Repeats) system exploits BNA-guoided
DMA-binding and  soquence-specific cleavage of tfavger DNA.  The goide RNACas
combination confers site spemificity o the nuclease. A single puide RNA (sgRNA) contais
about 20 nucleotides that are complementary 1o a target genomic DNA sequence upsiream of
& genomic PAM (profospacer adjacent motifyy site (NGG) and 4 constant BNA scaffold
region, The Cas {CRISPR-gssociated) protein binds fo the sgRNA and the target DNA jo
which the sgRNA hinds and intradduces a double-strand break i a defingd location upstream
of the PAM site. Cas9 harbors teo independont noclease domaing hosologous to HNH and
RuvC endonucienses, and by mutating either of the two donains, the Cas9 protein can be
converied to 3 nickase that introduces single-strand breaks (Cong, L. et al. Science 339, 819-
§23 {20133 I is specifically contemplated that the methods and compositions of the present
disclosure can be used with the single- or double-strand-inducing version of Cas®, as well as
with other RNA-guided DNA nuclenses, such gs other bactertal CasO-like systems. The
sequence-specific nuclease of the present methods and compositions described hergin can be
engineered, chimerie, or isolated from sn organisny. The naclease can be introduced into the
cell in fornm of @ DNA, mRNA and protemn.  The applications of the CRISPR/Cas svsiem 1o

mhibiting or downregulating T3ed or $ir6 are gasily adapied, snd the following guids RNAs

fave been developed for use in acquiving preliminary data on this sebject: Tsed
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GAGGATGTCGGTGAATTACG (SEQ ID NOXY Shet - GAGGATGTCGGTGAATTALG
{SEQ I NG:2).

o one embodiment, the methods of the presomt disclosure comprise usibg one or more
sgRNAs o “Chop”, remove, or suppwess glyvcosis megulmtors, Teel or Simd In another
smbodiment, one sgRNA(R) 18 used to “Chop”, remove, of suppress glycosis regdators, el
or SiFto, disease- related gene. In vel further emnbodiment, two or more sgRNALS) are used 1o
“Chop”, remove, or suppress an awtosomal dominant disease- related gene.

It one embodimeni, the DNA digestiny agent can be a site-specific nuclease. In
another embodiment, the site~specilic nuclease may be a Cas-fanuly poclease. In o move
specific embodiment, the Cas puclease may be a CasY nuclease.

In one embodiment, Cas proteln may be a functional derivative of a naturally
vseaurring Cas protein

In addition to well chavacterived CRISPR-Cas system, 2 new CRISPR emxvime, called
Cpfl {(Cas protein 1 of PreFran subiyps) has recently besn described (Zatsche et al. Cell. pil;
SO092-RETAIS T 3. dob L1016 .cell 201509038 (230150, Cpfl s a single RNA-

guided endonuclease that lacks traceRNA, and utilizes a Terich protospacer-adijacent piotifl
The suthors demonsirated that Cpfl reediaies strong DNA interfercnce with characteristics
distinet from those of Cas9. Thus, in one embodinent of the present invention, CRISPR-Cpfl
aysiem can be uved (o cleave a desived region within the targeted gene.

In forther embodiment, the DNA digesting sgent 13 g transcription activatorshike

effecior nuclegse (TALEN), TALENSs are composed of ¢ TAL effector dontain that bindsio s

specific nucleptide sequence and an endonucisase domain that catalyzes a double strand
break at the target site (PCT Patent Poblication Mo, WO2011072246; Miller ef al., Nat
1Res. 3

specific endonupleases may be modular in natere, and DNA binding specificity is obtuned by

=

Biotechnol. 29, 143-148 {201 1) Cermak ot al., Nucleie Aci
arcanging one or more modeles. Bibikova et ok, Mol Cell, Biel. 21, 289-207 (2001). Boch ot
al, Scignce 326, 13091512 (2009,

ZFNs can be composed of twd or mors{eg, 2 -8, 3 -8, 6~ 8, or more) sequence-
specific DNA binding domains (e ., zine finger domains) fused 1o an effecior endonpelense
domain {g.g., the Fokl endonuclease). Porteus et sl Nat Biotechnol 23, 967-973 {2005)
Kim gt al, {2007) Hybeud vestriction enzymes: Zine HOnger fusions to Fok 1 cleavage domain,
Proceedings of the National Avademy of Sciences of USA, 93: 11561160, US, Patent Now
6,824,978, PCT Publication Nos. WOI1995/09233 and WO199401 8313,
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In une smbediment, the DNA digesting agent 1 g site-specific nuclease of the wroup

ar selecied from the proup consisting of omepy, ¥ine fuger, TALE, and CRISPRCas.

can be engingered, clumeric, or isolated from an crganisne. Eadonucleases can be enginesred
to recognize a specific DNA sequence, by, eg., mulagenesis, Seligman et al. {2002}
Mutations  altering the cleavage specificity of a homing endonuclease, Noclele  Acids
Research 30: 38703879, Combinatorial assenbly is & mathod where protein subumits form
ditferent enzymes can be associated or fwed  Awmould of all {2006} Engineering of largs

numbers of highly specific homing endonucleases that tduce recombination to novel DNA

fargets, Joumnal of Molecular Biology 3557 443458 1n certain embodiments, these two
approaches, mutagenesis and combinatorial assembly, can be combined o produre an
engineered endonuclease with desired DNA recognition sequence,

The sequence-specific naclease can be wWiroduced into the cell m the form of a protein
or in the form of a nuclele acid encoding the sequence-specific nuclease, such as an mRNA
or a ¢DNA Nucleie acids can be debivered as part of a lavger constract, such a3 a plasimid or
viral vector, or directly, eg, by electroporation, lipid vesicles, virgl iransporters,
microinjection, and biolistivs. Similwrly, the construct containing the one or more ransgenes
can be deliverad by any mathod approprate for introducing nucleio acids into s cell.

Single wuide RNAG) wsed i the methods of the present disclosure can be designed so
that they direct binding of the Cas-sgRNA compleses 1o pre-detenmined clegvage sHes wm g
genomie. In one gmbodiment, the clervage sites miay be chosen 50 as o release a fragment or
sequence that contains a region of autosomal dominant disease-related zene. In further
emmbodiment, the cleavage sites may be chosen so as 1o release ¢ fragment or sequence that
containg g region of genes encoding glycosis repulators, Thel or N6,

For Cas family eneyme {such as Casd) to successfully bind to DNA, the targst
sequence m the genomic DNA should be complementary to the sgRNA sequetice and must be
inwnediately followed by the comect profospacer adincent motif or “PAM™ sequence.
“Complementarity™ refers o the ability of a mucleie goid o form hydrogen bond(sy wiih
another nucleio acid sequence by either traditional Watson-Crick or other non-itaditional
fypes. A percent complementanity indicates the percentage of residues 8 nucleie aod
molecule, which can form hydrogen bonds {e.g., Watson-Crick base paring) with & second
nucleic amd sequence. Full complamentarity is nol necessarily required, provided there is
sufficient complementarity o cause hybridization and prowmote formation of a CRISPR
complex. A farget sequence nmy comprise any polynocleotide, such as DNA or RNA
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pobyiscieotides. The Cash protein can olerale mismaliches distal from the PAM, however,
pugmatches within the 12 base pars {bps)y of sequence  next w the PAM sequence can
dramatically decrease the targeting efficioncy. The PAM sequence is present in the DNA
target sequence bul not m the SgRNA ssquence. Any DNA sequence with the correct target
sequence followed by the PAM sequence will be bound by Cas¥, The PAM sequence varies
by the species of the bacteria from winglt Cas? was derived. The most widely used CRISPR
svstens is dexivad from S progerer and the PAM sequence is NGG located on the immediate
3" end of the sgRNA recognition sequence. The PAM sequencas of CRISPR systems from
exemplary bacterial species includer Strepovacony pragenes (NGQ), Nelsseriy seningitidis
{(NNNNGATT), Sireptacoccus  thermophifus (NNAGAAY and  Treponema  denticola
{(NAAAACH

seRNA(S) used in the present discloswre can be betwseen about 5 and 100 nucleotides

fong, or fonger e, 5,6, 7,8, 9, 10, 11, 12, 13, 14, 15, 16, 17,18, 19,20, 21, 22,23, 24, 25,

S1.52. 53,54, 55, 56, 57, 58, 59 60, 61, 62, 63, 63, 64, 65,66, 67, 68, 69, 70, 71, 72, 73, 74,
5T7TR. 79RO, KL 82, R3, R4, RS, 85, K7, §8, §9, 90, 01 92, U3, 94, 95, 96, 97, 98, 99,
ar 100 nucleotides in length, or longer). T one embodiment, sgRNA(S) can be between gbout
15 and about 30 nucleotides in length (2., about 13-29, 1526, 15-25; 16-30, 16-29, 16-26,
16-25; or about 18-30, 1829, 18-26, or 18-25 nucleotides in lengths.

To facilitate sgRNA desigy, many computational tools have been developed ({See
Prekhoshij et al. (PLoS ONE, 1003 (2015)); Zhu et sl (PL0S ONE, 993 (2014)); Xiso et gl

{Bipinformaties, Jan 21 (2014)); Heigwer et al. (Nat Methods, 1HRY 122123 20143,

Methods and tools for guide RNA design ave discossed by Zhu {Erontiers fn Biolowy, 10 (4)

pp 289-296 (2013)), which 15 wncorporaed by reference herein. Additionally, there s 2
pubdicatly available softwars tool that can be used fo facilitate the design of sgRNA{s}
Chipdiwwewssnsaint ooy sBN Adenivn-tool Sumb.

Kits

In gnother aspect, the present mvention provides any of the compositious deseribed
hergin m kits, optionatly mcluding instructions for use of the compositions {eg, fw
improving newronal survival andfor inhibiting SIRTG and or TSCH. That is, the kit can
include a description of use of a composition i any method deseribed heretn, A "t" as used

including one or more of the components or embodiments of the invention, andior other
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components associaied with the mvention, for example, ss previvusly described. Each of the
components of the Kit wmay be provided in liguid form {e.g., In solution), or 0 solid form (e g,

a dried powder, frozen, vlc).

In some cases, the kit wcludes one or more components, which may be within the
smme of In two o tore recepiacles, andfor i any combination thersofl The recepiacle is able
to contan g Dgeid, and son-timiting examples jnchude bottles, vials, jars, tubes, flasks,
begkers, or the hike. In some cases, the receptacle 15 spilbprool (when closed, Hgwid cannot

exil the receptacle, regardiess of orientation of the receptacis).

Examples of other compositions or components associated with the fnvenuion include,
bt are not hmited 1o, dilpents, salts, buffers, chelating agents, preservatives, diying agents,
anthinicrobials, needles, syringes, packaging matenials, tubes, botiles, fasks, beakers, and the
fike, for example, for using, modifving, assembling, storing, packaging, preparing, mixing,
diluting, andior preserving the components for a parlicular ase. In cmbodiments wheve liquid
forms of any of the components are ased, the liguid form niay be concentrated oy ready to

use,

A kit of the invention generally will include instractions or nstructions 1o a website or
other sowrce In any form that are provided for using the kit o connection with the
components andfor miethods of the wvertion. For mstance, the instroctions may hclude
instructions for the use, modification, mivmg, diluting, preserving, assembly, storage,
packaging, andfr preparation of the companents andfor other components associated with
the kit. In some cases, the mstructions may also inclode instructions for the delivery of the
components, for example, for shupping at room fempersture, subszere femperatures,
cryagenic lemperaturgs, ete, The instructions may be provided i any form that ix usaful o
the wser of the kit, such as wrilten or oral (e, lelephonic), digital, optical, visual {e.g.,
videodape, DV, eic) andior electronic communications (iucluding Internet or web-based

comnmumcations ), provided Dy any manner.

As used hersin, instiuctions can include profvcols, directions, puides, warnings,
fabels, notes, andfor "lrequently asked guestions™ (FAQS), and tvpically involve wiilten
mstructions on or asseciated with the invention andfor with the packaging of the invention,
Instructions can also include fustrudtionst communications in any form {e.g., oral, electronie,
digital, optical, visual, et} provided n any manngy (e.g., within or separate from a kit) such

that & user will clearly recognize that the instructions are to be used with the kit
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EXAMPLES
Example §

A, Effects of TSC1 deficiency in Pdest ™0 peterozygotes. To determune whether
Tyed knockout in phenotypically wild type mice affects reting morphology or function, we
generated a famoxifen-inducible, rod-specific Cre recombinase mousg line by crossing
Foe ™ O peaht 00 and Paeagt ™™ mice. Following intraperitoneal (IP) injection of
tatpoxifen, exons 17 and I8 of the Tsof geve was éxcised, leaving the mice with g
nonfunctional Tsel protein, one functional copy of Pdesh, snd the senotype, Tsed™
Peoh™ 0 peg o B Camirol mice were injected with oil instead of tamoxifen and thus
had the genoiype, el Pt 0% plege™ ™ ¥ Five weeks following injection,
glectroretinogram (ERG) recordings of scotopic, photepie, and mixed rod-cone magnitudes
were acquired and revealed no statistically significant difference between the proups (Fig.
1A-C). Retinge were harvested and expossd fo H&ER staming, revealing comparable
marphology of the outer nuclenr laver {ONL), nner segment (18}, and OF in the control and
experimental propps” retinge (Fig, TA). These findings suggest that Cre indoction and Fyef
knockout do not affect the function or morphology of wild type mouse ratinae.

pHbRQHGY

B. Anatomical rescue in Pded homuorygotes Iacking TSCY at early and

tate stages. Subseguently, a second line of tamoxifen-inducible T3¢ knockouwt nuce was
senerated that was hompevgous at the Pdech focus for the HO20Q point mutation. Following

tamoxifen injection, the experimental group, hereafier relerted to as treated, experimental,

; oo FIATCI IR0y ¥ Y 1 .~ ol 2O T E ¥ . PR »
knockout, or Tse/ Pl =, had complete ablabion of Tsol in rods, wihile the contrel
» HS20CE

gronp, denoted control or el pgesh had normal Tee! expression.

Histology was performed weekly and revealed a more robust and healthy ONL in Tsel™

Y

Peoh N early time points Gweeks  1-2 post injection) compared  to

e PR gy g e OO0 ‘ et B N b i N e
Ve PP peg IR e a5 measured by ONL nuclst density and width (Fig, 2).

b

ONL cell density and thickness were statistically greater mn the experimental group at one and
two wesks after injection compared to condrols, although i both groups, a decrease was
observed over tme. Counversely, the ISAQS hayer width increased over time, as would be
expected sccarding to physialogical photoreceptor development (22, 23). Notably, the Fc™
Poesh™ B wmice 1SA08 Tayer width was thicker at exch time point conmpared to that of
the control maice (Fig, 3B). The predicted trend hine for the ONL puclet densily and width was

negative for both groups but steeper for the contrel group. Conversely, the predicted trend

ling was positive and steeper for the IS/OS layer thickness in the Thel Pdegpfiamaiiens
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experiivental mice compared {0 controls. However, this rescue diminished over time (Fig, 31
Histology revealed decreasing thickuess w both groups™ ONL and IS/08 lavers af later thmie
points, glthough the width of the layers in the knockout mice remained noticeably thicker
aven af final thme point (Fig, 3. Unexpectedly, trend fines mapping ONL nucler density and
width were steeper in the treated group compared to the control mice, which opposes findings
obtained in the early siages following 1P bpection (Fig. 3B). Auocther distinguishing
characteristic of the late stage (4-1{} weeks) compared with the early stags is that the IS/OS
fayer thicknesy diminished over fime in both groups, while i the early stage it had been

mcreased with time, The predicted trend line bebween the groups was parallel, although the

Tyed Pdesp™™ M oroun had an overal! higher memn shickness at each thne point.

C.  Functivnal rescne of photoreceptors in Pdech™ " HE pomozygutes lacking
TSC1, Functional assay of photoreceptor vitality was determined by scotopic, photopie, and
mixed ERG recordings at biweekly intervals from 4-12 weeks (Fig, 4A). A decling w the
revording amplitudes over time was evident gven in the experimental group, but the average
magnitude of scotopic, photopic, and mixed ERG recordings was statistically ngher at every

o HESROTRZO0
7 1o T, M

N L : » o e RGBT
time point In TyelF A 7 2 A

compared to Lol mice, By 12
weeks, the ERG was ne bonger detectable tin the control nuice, while the experimental group
still retained 3 low but measurable bowave magnitude. Scotopic and mixed b-wave data were
acquired under dark-adapted conditions to measare rod and maximal rod-cone responses,
respectively, while photopic data were acquared under Hight-adapted conditions to trigger the
cone response (Fig. 4B). All conditions exhibited & statistically greater b-wave amplitude in
fhe Trol™ Pdech™0H sraun compared (o the control group at all thme points. There was
a decrease in statistical sigmificance over tme that may bave been due 1o {he loss of rods
garly o, leading to diminished differences between the control sud expenmentgl ERG
recordings at later time points,

) X Robust impnmereactivity of rhodopsin in rods and cone srrestin in the cones of
Tsel” Pdesb™ R mice, Rhodopsin (RHO) is a rod-specific protein essential {o the
phototiansduction pathway, sud expression levels of this profein are corrclated with
functional capabibty i phototransdaction. Retinal sections were immunostained for RHO at
muliiple tme points {Fig, SA), revealing stranger expression in the Thef e HIOIRIG

mive than in the Tsed™ “Epgegh U9 mive at every time point. In both groups, there

was a gradusl decline in protein expression over time, shthough by 12 wesks, RHO stainmng

HO00

: : : P foxBiont oy FFRIOCK . ALE ; : i
was scarcely observed in the T3el ™ O Pgegh™ mouse while it persisted in the

P 15 B g0 2 HTORDTE 00 LI don tr e 4 SR . vt 4] i
Tee I Poles R arann. RHO expression was guantified by messuring the width of
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cells expressing the protein and was found 1o cotroborale the tmaging data (Fig. SB)

Sedrions were also stained for cone mvesting which 18 8 conespecific G proteteconpled
S . : IAOTSI0E ,

receptor (GPCR) modulator (Fig, 6A). While Tsed " Pesb™ CF% mice showed more

fslincl pr g g EIRHNNY . ice at every time point, thers was a

roshust expression than Tied
gradual decline in cone apesiin expression in both groups over time. By 20 weeks, cone
arreshin wias o longer detectable in the contrel group, while some ndications of its preseace

GRITHANE2

were observable in the Teel "Pdeah™™ ¢ wice. Cong demziy wag quamxhed by counting

cell nuclel and was found o be greater w the Thel” “Pech™ growy at all e points

gompared to controls {Fig, 6B).

E. Downstream targets of mTOR were upregnlated in Pdegh™ et

homaozygotes
tacking TSC1, Phosphorviation of the mTOR proteins wis assessed by immunofluorsscence
stalning at P21 and revealed heightened expression in the experimental group compared to
the controd group (Fig, 7A}L Individoal segroents of the IS/0S tps were clearly delineated in
Fre P Pdeeh™ P55 when sinined for p-mTOR, while they were indistinguishable in the
Tl PP poppt IO anrols. A downstream target of this pathway, phospho-§6
(pS6), was also stained and found o be greater in the Pl Pded! RIBOQBENG e
Inununcblot revealed g significantly less intense TSCI band in the knock out mice compared
1o the controls, which hikely arose froms Tv¢d expression m congs, bipolar cells, and other
retinal cells, as the whole retina was harvested for analysis (Fig. 7B} Conversely, mTOR,
phosphorvisted mTOR (p-mTOR), and thelr downstream {argels were upregulated i the
knock out nuce, including pS6. glucose transporter 1 (GLUTT), and phosphoryiated 4E
bingding protem-1 (p4EBP1Y which promuotes profemn svnthesis(24, 25). Convarsely, no
difforence m expression was found i usphosphorviated S6 and SEBPL i the
Taed PP pogptIHNNG  varsus the  Tsed " Pdest M0 mice. Sterol regulstory
slement binding  protein-l (SREBPIY &k snother downsiream targst that stimulates
{ipogenesis{26} Phosphorviation of this protein leads o the reduction of hipid synthesis;
PSREBP! was found io be dowmegulated in Tsel Pdesh™ M wice. suggesting
enhanced lipogenesis. Autophagy profein 5 (Atg3) was also analyrzed because inhibiting was
shown to cause retinal degeneration i wild fype mice{Zhou, 2013 #4441, although no
difference hetween groups was detecied, Changes f protein fold were quantified showed
thiat the grestest difference between proups was 1 sTOR, p-mTOR, and p4EBEL levels, all
of which wers increased n the knock ont nrice.

F.  Safety data for Fsel” Pdesh™UHE piver noe tumor formstion, Teel™”
Poleth 085 mice were observed for sixteen months (Fig. 8), and then eight organs were

3%
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dissected for HEE staining. Sections from the hearl, brain, lungs, and other major organs did
not show any signs of tinor formation.

Discussion

Through these dats, we demonstrated that both rod and cong degeneration can be
resened i the sarly stages by ablating the T3¢l gene specifically in vods, We used
morphological assays o determing these results and, fo our knowdedge, are the fivst o
provide electrophysiology data to demonsirate that restoning balance sowards angbolism can
be therapeutic, This finding builds off the work of groups like Punzo et al., who found
metabolic aberrations in the mesulin/mTOR signaling pathway 1 the cones of four different
mouse models of RP. Systemic treatment with insulin encouraged cone survival, suggesting
that there may be g metabolic basis to retingl degenerstion in these models (20, 27). Qur
paper advances these findings by corroborating their cone resulis tn rods and identifying a
potential mechanisnt to explan how mTOR upregulation promotes anabolistn. Notably, we
demonstraie that enhancing the mTOR pathway in rods can also prompte cone cell survival,
This may be dug o rod-dertved nutritional {actors that are requived to sustain cones, and thas,
promoting rod survival may enhance the release of such factors and concurrently fnorease
preservation of cones (38-30). In a study of rod-cone dystrophy, heightened rod-derved cong
viahility facter (RACVE} expression led 1o cone preservation for up o five weeks (313 In
comparison, our study achieved cone rescue for up to twenty weeks and rod rescue up to

twelve weeks. For therapeutic pirposes, either early treatment of rods or simultancous

treatment of rods and cones together mav atford the gremtest possibility of achieving relinal
survival,

Several notable resulis can be garnered from our data. Fivst, 1o the early stages of
degeneration, TSCI deliciency is effective at relarding degeneration i the ONL (Fig. 2).
While both the experimental and conirel groups experienced decreases i the ONL over time,
the rate of degeneration was slower for the experimental group. Surprismaly, the reverse was
trae it the lale slages of degoneration, where the rate of degeveration was faster i the
experimental group than m the control growp. This may ndicate that at later tme points,
rescue 15 harder to achieve, and perhaps upregulation of mTOR is not sufficient to stave off

200362002

culminated Ca® foGMP toxicity caused by the Pdech™ mutation (21). An alternative
explanation for the slowed photorecepior dysgenesis could be thet TSCH deficiency in rods

ioproved retinal development as opposed to retarding degeneration. Further studies must be
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underiaken to distinguish which of these hypotheses most accurately veflerts the physiology
af the rescie

Ancther notable finding 15 that the width of the 15/08 favers sctuglly moressed during
the early stages of degeneration in both groups, although the slope of increase was higher i
the Tyl Pdesh™™

genesis oecurred despite the ongomg ONL degeueration. At later tume poiots, however, the

S

mice than in the controls. Unexpeciedly, maintenanice of 18/05

IS/08 layer width began to decrease over time, and although the stopes of the groups were
i . .y e ~p FESGURTIG 300 T SE : < gL . g
comparable, the Thel™ Pdesh™ % vause still maintained a greater width at all time

FEnederdny,

points compared to Lse ! ™ Poesh pyice. These data suggest that perhaps TSCH
deficiency enbances 1S/0S biogenesis during sarly periods of development, or #may stow
the rate of I5/08 degensration, Distinguishing between thess hypotheses is bevoud the scope
of this report, and deeper exploration mto this topic should be undertaken.

Oner dati slso demonstrated that TSCT ablation upregulated the downstream targets of
the mTOR pathway, namely pS6, p4EBR, and GLUT, Whils the former two effectors — pS6
and p4ERP —stinnilate protem synthesis, the lattermaost - GLUTI - regulates glacoss
transport (32, Specilically, GLUTYT increases glucose uptake 1oto cells, and #s apregulation
may be mdicative of increased metabolism. Thas, upregulation of anabolic processes such as
protein and hipid svithesis i O8 may have retarded the cell death signals. Notably, ATGS
expreasion did nof vary between control and experimental mice. Recenily, studies showead
that deletion of 4123 in rods andfor cones of wild type mice caused rebingd degeneration
[Zhou, 2015 #444], although owr findings seem o suggest that the deleterious effects may
operate through another mechanism. Owr data instead align more closely with the theory that
upregulation of anabolic processes could be a potential nov-gene-specific therapy for patients
with retinal degeneration. While enhancing the mTOR patheway could be a potentisl risk for
tumor formation, safety data acquired from knook out mice over sixteen months indicates that
£S5 ablation does mot lead to tumor formation, likely because the Ure driver 1s highly
specific to rods and does not farget other organs, Our study also shows that early treatmient is
more effective gt slowing the rate of degeneration. From owr previous studies on the mTOR
pathway, we foand that simtlar resulis can be achieved by stlencing P32, and perhaps the
combization of knoeking out T/ and Tre? simultancously way bold the most potentiad Toy
abrogating the degeneration that is characteristic of this disease. Additional future studies
exploring this strategy would be beneficial to shucidating the mechanistic connection batwesn

the upregdated effeciors of anabolistm and the slowed newrodegensration vbserved.
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The genetic heterogeneity of RP poses Hmilalions to monotherapy, Le. gene-specific
tretment. Currently, Tour gene therapy trinls for an early-onset form of RE are ongoing (33-
36} Although these trials inttiglly demonstrated some functional improvement, such pene-
specific wials are costly, With more than &0 genes implicated in the development of RE, this
ts an impractical sivatepy that is not amenable to lavge-scale production or treatment. We
have demonstrated bere that promoting anabolic patbways m rods can wprove thelr
resistance {0 degeneration in a non-gene-spectfic manner. Recent research from other groups
supporis the important role of metabolism, not saly in retinal degeneration, but also in newral
degenerative conditions in gederal (37-400). Reprogranvuing a termunally differentinied
newron i remain in an anabolic state is applicable 1o a diverse range of genetic deficits and
could potentially be used to treat multiple neurodegenerstive conditions, The miTOR pathway
is highly druggable, and appears o be 3 ubiquitous self-defense mechanism in many types of
cell pathways. Taveeting the mTOR pathway 18, at the least, a starting point for the

development of nop~gene~-specific therapsutics.

MATERIALS AND METHODS

Animals

The Columbin University Institutipnal Animal Care and Use Commitiee (JACUC) spproved
all experents prioy i study iitlation, and mice were used in accordance with the Statensent
for the Use of Animals in Ophthabnic and Vision Research of the Association for Researchin
Viston and Ophthalmology and the Pohoy for the Use of Anbmals in Newroseience Research
of the Socigty for Newesgiance.

Three Hnes of mice were trossed 1o gecerate the Control and experimental mice.
Pedsh S pdess % mice were rederived via oviduct ransfer using Buropean Mouse
Muotant Archive (EMMA Y moralae (21, 41); I-‘d@ﬁg‘f‘j"’mrz mice were genersted in the Barbarg
& Dongld Jonas Stem Cell & Regenerative Medicine Laboratory {42-48); and Txe /™7
were purchased from the Jackson Laboratory {Stock No. 00568¢) {49} All puce were housed
in the Colmmbia Universily Pathogen-free Eye Institute Annex Apuual Care Sevvices Faality
and maintained with ¢ 12-h Hgh#/12-h dack cycle.

e ah Y Pdee ™ and Pdesg™ ™ mice were crossed; their offspring were then

gk

bred with Tsed ™ mive, Four gensrations of backerosses vielded heterozyuous Tyl ™

Ed e R g, o VBRI e g g s 5 # e :
Pofetb™ 7 pega™™ N mice (Fig. 1), and six generations of backcrosses yielded

g Ao P FRAZOCFGIC yy. C CREERIY . e : ] %
homozygous Lol Pdeah PO b 1o 60 mice (all nther figures).
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AL P7_half of the mice from each group iyeciad st P7, 9, and 11 with 108 /e body
weight of tamoxitian (1K mp/ml in ethanel; catalog T3648; Sigma-Aldrich), which was
dilited with oo oil 10 a concentration of 10 meiml and pdxed thoroushly a1 42°CoThe rest
of the mice were injected n an Wdentical fashion with ethanol (10% in oo oil) mstead of
tunoxifen. The former served s the experimental group and the latter, the control group. No
discrinunation based on the sex of the mice was made in regards {0 group assignment,
Immunoblstting

Using 8 previously published method (43, 45), retinae were colleciad from 3-wesk-
aid mice and subsequently homogenized in M-PER Mammalian Protein Extraction Reayent
{(Prod #78501 Thermo Scientifics, which was supplemented with phosphatase inhibitor
cocktait 1 {calalog PINSO-SML; Sigma) and protease mhibitor cocktail {catalog PR340- 1ML
Sigmia). The bicinchoninic acid (BUA) protein assay {Thermo Scisntific) was used (o

measare profein concentrations, and sodiam dodecyl sullse-polyaceylamide gel

were then transferved to niroceliulose (Bio-Rad), blocked in 5% skim nulk (B02887 MP
Biomedicals, LLC), then incubated overnight at 4°C m the following antibodies:

Hamartin TSCT Antibody (Celt Signaliing Technology, 4906 . Ant-mTOR Antibody (Cell
Signahng Techoology 2072), Ant-mTOR {phospho S2448) aatibody {(Abcam gbl109268),
Anti-56 Ribosomal Protein (Cell Signaling Technology,2217) Antibody, Phospho-86
Ribosomal Protein (Ser240/244) {Cell Signaling Technology, S3645) Antibody, Anti-4E-BP1
{Cell Signaling Technology S3H1 1) Antibody, Phospho-4E-BP1 (Ser63) {174A9) mAb (Cell
Signaling Technology $456), SREBPT {2A4) (ThermoFisher MAS-16124) Antibody, Antl-
APGSL/AATI (Abcam,ab 109490 Antibedy, Anti-Glucose Transporter GLUTI

{Abcam 40084} Antibody, n -Tubulin Antibody {Cell Sipnaling Technology 21445)
Antibody, and Anticheta Actin (Abcany, 1253245 Antibody. ARer washing three timesin 0.53%
PBET (300 ¢ 1 Tween-20 1w 1,000 ml PRS), they were then incubated for 1 h at room
temperature iy goat anti-rabbit IgG-HRP secondary autibody (1:2.000; catalog se-2004; Sanda
Cruz Biotechnology, Ing) or rabbil anti-mounse IgG-HRP s¢-358914 HRP conjugated
antibody {1:2,000; s¢-338914; Santa Cruz Biptechnology Inc.). Chemiluminescent datection
(EMD Miilipore) using Biomax film (Kodak) revealed membrane proteins. We then
measured the level of a particular profein in Tac!™ Pelehs™ N0 gng

Tt TP PRI pies (n=d for each group). Image J analysis software was used to

analyze bands. Protein levels were normalized respective to wbulin fevels. Levels from one
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of the Fye i PPt HRY py on were nonmalized to 1, and all other experimental
gondibions were compared to this. A tteat was ased 1o compare the Satistical difference
betweean the two groups.
OML density and innerfouter segment length measurement

The corvea and lens werg dissected and the vitreous removed from enucleated eves to
solate the evecup following mouse euthanasia, performed following established IACUT
guidelines and previpusly described procedurss {45} (43 HAE and retinal parafiin sections
were prepared at § pmy in size asing Excalibur Pathology, and then they were divided into
Tour regions: periphersl temporal] central teroporal; central nasal; sud penipheral nassl
regions, Photoreceptor nuclet in each region were quantified using Tmage T (NIH, Bethesdy).
The ONL thickness was also measured iin gach ol the four quadrants and aversged; the 18/08
fength was ascertained in the same manner,
Immunohistochemistry

Eves were enucleated and subimerged in 4% psraformaldehyde for 1 h at room
temperalure. Retinae were then dissected from the syecup, cryoprotected using 30%: glucose
overnight af 4°C, then sectioned vertically a1 10 ¢ m with o orvostat (Lewca). After washing 3
times with phosphate-butfered saline (PRS, pH 7.4), ssctions were incubated overnight at
4°C with the following privagry antibodies: rabbit anti-cone avvestin { SO00, Malhipore),
mouse anti-rhodopsin (1:300, Santa Cruz Biotechnology), Anti-miTOR (phospho §2448)
antibody {Abcam,ab109268 ) Phoapho-86 Ribosomal Protein (Ser235/2536) Antibody{Cell
Signalling Technology 9456) diluted in 3 % Cheniblocker {Life Technologies) snd 0.3 %
Trijon X-100 1 PBS, The sections were subsequently washed in PBS, then incubated with
secondary antibodies conjugated to eithey Algxa 555 or Alexa 488 (1:500, Molecular Probes,
Life Technodogies) for 1 h at voom temperature. Sections were washed again with PBS, then
icubated for § nuwn with § e gfml Hoechst 33342 (Molecalar Probes). Sechions were
anatyxed by microscopy (Leteal, and ouly those containing the Optic nerve were included for
analysis. Five sections werg analyzed and averaged for exch mouse. The REO s width was
measurad ol 300 gm from the optic nerve of beth sides by Image JNIH, Bothesda) The
average of 3 shices of cach mice were anglyzed to represent cach mouse Using the same
method cone nucled density was guantified manually.
ERG

Mice were dark-adapted overught. Mice were then avesthetized by way of

miraperiones! injection using I mb of 100 mp/mi kefamine and 0.1 mL of 20 mgimlL
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sylazine m 8.9 mi PRS at & coneentration of 1.1 mL/10g BW and placed on heating pads to
matntain & 37°C body temperastine. Qoe drop of Tropacanide Ophthalmic Solutdon (1%,
Akomj was delivered o dilate each, and ten minutes later, electrodes were placed on the
conress and Gonisol Hypromelloss Ophithalmic Dennlcent Solution (2.5%:, Akron) was
adminislered. ERG recordings weare subsequently recorded wnder din red lght illumination.
Both eyes were simultaneously recorded using the Electrophysiological system {Diagnosvs).
Pulses of 000130 cdin?’ and 3 odim™ (White-6300K ) were nsed to collect rod and maximal
rod and cong ERG reaponses, with 40 to 60 trials per vesuli. To assess the cone response,
nuce were Hghi-adapted in the Goanedeld dome for 10 nun, then exposed to white flashes
while ERGs were recorded. A background of 3¢ cdim® (White-5500K) light was used
throughout the trial to suppress rod responses. ERGs were recorded at 4, 6, &, 10, and 12
weeks.

Statistics

For Oyel™ Pdesd ™ angd Tro " prent™™

" mice, to ompare differences in
pean BRG ot histology ouicome levels between the two groups, binear mined models were fit
with random intercepts for niouse, since we have two observatiots per mouse.

For the H&E staining histological snalysis in the relinal degeneration background, we only
have one observation per mousg. To compare histology ontcomes between groups at a fixed
tine point, t-igsts were used 1o compare means. To compare the change i histology
outdomes over time between groups, linear regression models were fit, where the predictors
were group, time, and a group by {ime fnteraction,

For the ERG analysis in the retinal degeneration hackpround, ws have two
observations per mouse at each ime pomnt. To compare ERG ontcomes between groups ata
fixed time point, linenr mixed models with random titercepts for mouse were fit. To
compare the trajectory of ERG outcomes over time betwesn groups, lingar mixed models
with random intercepts for mouse were It where the predictors were group, time, ime-
squared, and interactions bejween group and time variables. To test whether mean
trajectories were different between groups, likelihood ratio tests were used,

We also compared mean differences between groups for the following sutcomes;
rhodopsin, anbi-cone arresiin, and mTOR pathway protemn expression levels, Forthese, wo
have one observalion per mouse, and so, megns were compared using 1-{ests.

Study Approval

The IACUD of Cohanbia University approved anbimal experiments before initiation of

the project, and mice were psed 1 accordance with the Statement for the Use of Awimaly in
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Ophibalmic and Vision Ressarch of the Association for Research i Vision amd
Ophifialmology, asd the Policy for the Use of Anbmals w Newoscience Research of the
Society for Newroscienge,
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ENHANCING GLYCOQLYSIS WITH GENE THERAPY ATTENUATES
NEURODEGENERATION
EXAMPLE 2

Al Gengration of experimental and control groups. The thrd most common cause of
autosomal recessive RP i deficiency in the PDES sneyie which controls the depolurization
state of rods by regulating cGMPE levels {10, 45-47}). An established prechnical mods! fiw RP
involves & homorygous point mutation (HE20Q) in the Pdesd gene, which causes delayed-
onset RP. Photoreceptor degeneration begins when the wice are two-three weeks old, and by
gight wegks of age, nearly all photoreceptors have degenerated snd nunimal fnctionality
remains (11, 48). For gene therapy in this preclinical mouse model, we penerated a

tarnoxifen~-inducible rod photoreceptor-specific Cre recomwbinase o condiionally mactivate

wd S Oxd

expression of the loxP-moditied Stree gene. Experimental mice were bred from threg

homezygous strains: Pdesd™ % phesa™ ™ and Sirs mice. Thus, the experimental mice

TR

and SiFie

Aoy

. . : \ o ORERTE v o
were homozygous for Pdedh . and heterorygous for Pdedg™ ™ Halfl of

ihe experimental offspring were ingected with tamoxifen and served as the expenmentgl

R P

O3 13,
15

group, henceforth referred to as Sis deficient (Sirg Pdesd™™ ™ fetipg 5y and

: Rt oy g 3 FOOIEHR200 . e ol B TR o o e .
denoted, So#6 Pdeap™ T whereas the other half were injected with oif and served as

ey oo 2 SFOIRQEHEI 5y y SeeRT2 ‘ s SRR gy g e g MOS0
controls (86T PoghNOHER b o m  CERINY - gonoted S IO plag pREOHRIL.

ErefRE2

Upen tamoxifen induction, the Pdedg™ ™ recombinase excised exons 2 and 3 of the Sivi
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gene in the retinae of Sipg™ Feph™ RHEY ive. A 324-bp band was found In DNA
arophfted fromt the outer noaclear layer (ONL) of retinge collected from tamoxifen-treated
auce, but mot in DNA gmplified from the ONL of the control nuce. A 2.048-bp
nonrecombined product was also noted in other organs of hoth Sirt” Pdess’™ YW and
Sipt6™ L plegpREHS conirol mice, including the iver, hungs, kidneys, and pancreas.

Crel 2

This demonstraies the specificity of the Pdeag recomnbinase for the reting and saggests
that off-target etfects from the tamoxifen injection were Hinited.

B. Functional resene of retinal  elecirophysiological properties in  Sirte™
Pdeob™ ORI iee To assess the extent of vetinal Function rescue, we performed
glectroretinography (ERG)Y analysis at weekly infervals (Fig. 93 The wend hnes projected for

IO

the Sirre™ Pdenh™ RN give compared to control Sirrd ™ pgegh’ mice show
a statistically significant difference in scotopic, photopic, and mixed ERG responses. Under
dork-adapied counditions, the mixed and scotopic bowave responses messuring  the
electrophysiological function of rod cells {Fig. 9A, top and botlom) were significantly higher

OO0

in Sire Pdesh™® miice compared with Sird ™0 peshMROINY nive. Light-
adapied condifions were used {0 measure the cove response and produced bigher bwave
responses (Fig. DA, middie) i the Sir6™ Paeeh® % mice compared with controls. At
1) weeks, the scotopic, photopic, and muxed b-wave responses were undetectable m the

N S S R B TR A
.S:ff" £ 6A ot 2 ‘%j{) {,; b“”ﬁé ? R i»é‘)

HE200 P60

controls, - whereas  the Sirte Pdetls mice vetained
measurable fnctionality. We found that the greatest difference between the bwave
responses of the treated and control groups cccurred at 4 weeks 1 rod cells under scolopic
conditions (Fig. 98, botonm). Thix differenve diminished over time, with no statisncally
significant difference by B weeks. A sinular pattetn was observed for the mixed rod~cone
response {(Fig. 98, jop). although a statistical difference between the proups remained even al
8 weeks, Notably, for the cone response, the b-wave amplitude showed no statistically
sionificant difference between A6 Pdegh 00 pngd Sirsa™ O plogplO00HER 1y
ab 4 weeks, but became siatistically siemificant at the &~ aud Reweek thme points {(Fig. 98,
wmiddle), 85 would be expecied n RP. In general, rods are the primary {argets of RP-related
degeneration, whergas cones are anaffected pnttl later in the disease, afler most of the rods

have died. Consistent with the later onsel of cone dysfimction 1 BP, a measweable

difference in the FRG data scquired from cones in Sipig Pdesh™ 89 and control
q

Cir eeteselna vy o SO0 Y Fi S . : .

Rips @I g pp AN ponasred Yater (Fig, 9B, middle), when the rods had deseriorated.

These data sugpest that Siree knockout preserves the electrophysiological function of rods and

cones and stows the rate of functiong] loss.
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€. Morphological rescue of relina lavers in Sirt6 " Pdesh™™™ wice. Ta observe
retinal worphology 81 3, 4, 5, and 8 weeks, retivae from expenmental and control mice were
harvested. Some were stained with hematoxylin and cosin {H & E) (Fig. 10A), while others
were cbsmved under transmission elgctron microscopy (TEMY (Figs. 10B-C). For the
nstology sections, the thickness of the IS/OS layers and the mumber of nuclet in the ONL

Y N T TOND o St g e p S ONIE0G S
gn: 10D-E). The 1IS/O8 of Sivg PlehPI00BO0E s ve wwere miore robust

e

were guantified (Fi
i thickness and the ONL  number of nuclel was denser comparsd  with

%‘f o éy’ej_z‘}’,i Tayd f)d(? 6 }},Hi’s JOCHERNKY

mice at all bul the last thme point (Figs. 104, D-E). Specifically,
hath the IS/08 faver aid ONL weve viable wntl week 6 1 the treated group, whereas they
were indiscermble by that tinre in the untreated group. However, al eight weeks, there was no
statistical difference remaining, and only a few nuclei in the ONL were deterted in each
group. Furthermore, TEM (Figs. 10B<C} altowed for a minule mspection of the mitochondria
andd S for comparison hetween groups.  Hwas found that the seated group had significantly
healthier mitochondria, as ndicated by greater cristag folds as well as longer 08, with more
concentrated disc numbers, While these differences decreased over time, the Sir”
Plesh I pyice still appeared o bave bealther overall mitochondria and OS
morpholegics, even at ¥ weeks.

33 Sirt6 deficiency promotes photoreceptor survival and preserves celtular O8. The
OF laver s composed of both rod and cone outer segments. To distinguish batwesn each cell
type, retingl sections oblined at 3, 4, and & weeks were immunostaned with antibodies
dirgcied ggainst rhodopsin, to identify rods {red), and opsin, 1o identify short-wavelenpth
congs {(bluej (Figs, 11A-D). We found a thicker width of both rods” and cones” OS5 m the
Siria-deficient mice compared with the control group at every time point. Cong cells were

still detectable at week 6 in the Sirr6™ Pdech™ R wice whereas only a fow rods and

LN L7 i3

cones with abnormal morphology remained in the Sirs™ ™ Peah™ 0T mice OS layer

_________

in the control rice af every {ime pomt. This suggesis not only that photoreceptor death s
slowed in the trested mice, but also that the cell morphology is able to resist deterioration for
g longer time. Although the gene responsible for RP in the Fdedb model 5 expressed
exchisively it vods, cone cell death charactenizes the late stages of the disease and cavses
blindness. Anti-pone arvestin staining {(green) identified cone cells and 2-{4-amidinophenyhy-

1 H-indole-6-carboxamiding (DAPL) staining (blue) identified retinal nucler {Figs. 11E-F).

HINGND,

Cone vell density was higher at every time point i treated {(Sirtg™ Pdesh
compared with antrested mice (Fig, 1IF, P < 0.001). In anireated mice, almost no cones
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could be detected at 12 weeks, whereas a thin Taver of cones semained visitde in the S
Pesh™s

betwesn 4 and 5 weeks, which is congruent with the rate of degeneration typical of this

Ty

PR . - ; ey 2 : A y . ;
N mice. In botl gronps, the greatesi decreasse fn cone cell demsity seowrred

mouse model.

E. Sirte-deficiency in wild 1ype background produces no phenotypic changes in
functionality or morphology of phetoreceptors. 806 Pdeoh® " mice were compared 1o
Sirpe P o™ gt 3 months following famuoxifen injection. BRG recordings of
mixed, seotopie, and photopic bawaves weve obtained (Figs. 13A-C). No statistical difference
between the groups was observed for ay of the ight adaptation conditions, Retinal sections
from cach group were harvested gt 4 months post tamoxifen Injection and were subjected (o
H&E stmning. No differenve in O8 and ONL thickness were observed (Figs. 12D-F), These
results suggest that the Sirs deficiency has neither a beweficial nor deleterious effect i the
wild type background.

F. Gene therapy-mediated functional and mwerpholngical photoveceplor rescue in 8
preclivical RP model To translale tamoxifen-induced Sired ablation into the format of 2
potential iderventional tral, we emploved a Siv6_shRNA somatic gene therapy strategy. An
AAVIR Siri6 shRNA vector was transduced into the dorsal vetima of the right eve
Fegh™H8HEE mice (Fig 13A). The dorsal retina of the left gve was injected with
phusphate baffered saline (PBSY, whersas the veniral side of all eves wax left untreated. The
mixed, photopic, and scotopie ERG b-wave values were recorded and sveraged at 4 weeks of
age (Figs. 13B-D). The eyes injected with the S shRNA vector showed significantly
higher bwave values, H & E staining of retinal sections from each eye four weeks post
iection revealed g measurable ncrease in the photoreceptor density of vectot-injected eves
compared with PBS-injected or untreated gves (Figs. 13E-H), Notably, even withia the same
eve, only the dorsal side of right sves showed ncreased photorecepior density, wheress the
untreated ventral side of the same eye showed degeneration.

G Up-regulation of proteins involved in glyeolysis in Sivt6-deficient refinae, Because
of the critical role of 8ired in regulating metabolism, we expected there 1o be a metabolic
basis to the observed photoreceptor rescue (Figs. 813} Thus, we assessed changes in the flax
of the downstream targeis of S through glyeolysis and aoabobe pathways. Imnuwoblols of
retinal extracts from Sirto-deficient retinge were collected, and levels of the proteins mvolved
in glyvcolvsis were messurad by mnmunoblotiing (Fig. 145, These included HiF1a and HI¥F2q,
slacose transporters GLUTY, GLUT2, and MY, all of which were increased compared with
the levels observed in extracts from control retinae (Fig 14} Up-regulation of these
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downstream factors suggests increased lovels of anabolism ts Sierd™ Fledh * retinae.
Phosphotylated lactate dehydrogenase A (p-LDHA)Y and von Hippel-Lindau (VHL) protein
were downrepulated o the knockow muce, while LDHA levels showed no difference
betwesn groups, LDHA is an enzyme that converts pvruvaie into lactate, and soms studies
have suggested that phosphorylation of LDHA increases its activity and induces the Warburg
effect (49, 50, although this does nol appear to be the case in the Siv-deficient retina. VHL
regulates protein degradation and down-regulmtes HIFZA, which s reflected in our data by

the decveased levals of VHL and the moreased levels of HIFZA.

H. Analyvsis of downstream metabolites upregulsted by Sivté deficiency, To divectly
detorming the effects of Sirig deficiency on the rate of glycolysis and the TTCA cycle, we used

gas chromatography-mass spectrometry (GC-MS) analysis to determine {(ux through key
metabolic intermediates (Fig: 134 at the ousel of degeneration, as measured by fractional
abundance of each intermediate. Forty-five nunotes after Wntraperitoneal (1P} injection of HC-
labeled glucnse, retinag wers harvesisd and the distribution of metabolite isotope 1somers
{isotopomers) was analvzed o measure the enrichment of gach wntermediate by determining
the ratio of labeled jons to toral Jon intensity at 3 and 4 weeks of age (Fig. 158), VC-labeled
glucose is ansformed o pyruvate and lactate through glycolysis, sud the pyruvaie enters
into the mitochoadria and is incomporated into the TCA cyole as metabolic inermediates and
amine acids. Retinae in Siris™ Pdesh™ W mice showed much higher PCuncorporated
intermediates in both plveolysis and the TCA eyele as compared with controls at both time
poinis, However, at fouwr weeks the statistical difference of the metabolites was diminished,
anst some even lost statistical sigunificance. This suggests that the retinal degensration may
have advanced beyvond what Ners deficiency could compensate for. The relative abundance
of metabolic miermediates in the conteol and expeniments! mice, as measured by the total
aumber of carbons labeled in exch metabolite, was significantly increased for glycolviic
intermediates more so thay for TCA ovele wtermediates, ndicating that Sires deficiency,
while increasing overall metabohism, exerts ws greatest effects on glycolysis (Fig, 15C-D), As
shown in Fig. 15D, this shifi may be beneficial for enhancing anabolic processes in the Sing™
PleshBFENE cainne. To determine whether the absolute abundance of the metabolites
was also increased, we performed hgud chromatography-mass spectromeity (LG-MS) st
thres weeks of age o snalyre tntermediates mvolved in the major glucose metabolism
pathways, detecting 126 in total, More than 100 of the metabolites were upregulated m the
Sirto-deficient mice compared with conirols, alihough the difference was statistically

sigaificant only for some of them, All metaboliies with a statistically sigaificant difference (P
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< (LOS) are shown (Fig 13E) and were upregulated u the Sivts” Pdegh™
compared with controls at three weeks. These experiments were repeated at four weeks, and
the majority of the metabolites were siill increased in the Stre¢6-deficient retinae, although the
statistical difference diminished between weeks thres and four. OF the sleven metabolites
identtlied al week three ay having the mosd statistically significamt difference belwesn the
expenimental and conirol groups, only one namtamed significance at week fowr oxidized
ghiutathione. Overall, these results indicate an upregulation of glyveolvlic metabolism m the
Sirr-deficient reting, althouh this trend decreases over time,

i PFK shRNA  viral kuochdown  exacerbates retinal  degeneration  in
Pdesh™ PON wmier, Phosphofmctokinase (PFK) is a key vegulator of elyenlysis and
serves as the rate-himiting glvcolvlic enzyme in metabolism {51). This sozyme has seversl
isoforms (32}, including PFE-M, <L, and «P. To isolate the effects of glveolysis on retinal
degeneration from the effects of Nied deficiency, a lestivirus expressing shRNA for one of
the thvee ixoforms was injected intoe Pdech ™ 5 e Additionally, a lentivires carrying
shRNA for all three isoforms was injected mio 8 fowth group of mice. ERG mixed, scotopice,
and photopic b-wave valaes gequired at 4 weeks post injection revealed a stanstically
sigmificant decrease i scotopic h-wave amplitudes 1 the mice injecied with the iripartite
shRNA combination of PFE-M+L+P (Fig. 16A-C)L A considerable but non-statistically
significant decrease was obaarved in the mixed and photopic b-wave valuses. H & E-stained
relingl sections eonfivmed these findings (Fig, 16D-F). A statistically significant decrease in
ONL and O8 layer thicknesses was detected i the PEK-MHL4+P shENA group. As PFK i
directly responsible for activating zlyveolysis, these lndings, particulsly the histological
results, support our hypothesis that a metabolic imbalance iy wnderlie or, at the least,
exacerbate retingl degeneration.

Piseussion

Photorecepior degenerative conditions are pervasive, affecting over @ mifhion
Amertcans, and are devastating, often leading fo loss of the ability to conduct activities of
daddy Biving (1, 23 RP, one of the most devastating retinal degenerative disorders, is
associated with at least 64 genes encoding mostly vod cell-apecific proteins that lead to cell
death when timproperly formed {2, 53} There 1k curventdy no cure available, and although
gene therapy tterventions recently reached clinical trials, the heterogeneity of gene defiits
that cause RP is a fundamental Hmitation of these studies (54, 55), becauss the sirategy

ftpvolves § monotherapy which camnot be used o treat BP caused by mutabions 1t more than
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one gene, Thus, 3 non-gene-specific rescue strmtepy {12, 13) o ncrease biosynthesic fuel and

survival by veprogrvonning of glycolysis s highly desirable.

Normally, photoreceptors arg sunong the most metabolically active cells in the body
{16-20), converting 30-96% of meoming glucose into lacue acid via asrobic glveolysis (36}
{21}, To function properly, rods regenerate the phagocytosed OS layer daily, RP-induced rod
cell death arises from an mabality to perform tus protein and lipid renewal process (2, 23),
and the IS/GS biogenssis is suspected 1o be insufficient. We therefore hypothesized that
degeneration can be rescued by Upping the cell’s metabolic balance toward anabolsm
through Juhibition of $irg, a wanscriptional repressor of glycolytic flux. This is based on the
theory that acrobic respiration typically leads to catabolic processes, while angerobic
metabolism caters to anabolism {37, 58).

SIRTS is known ay a regulator of glveolysis in the context of cancer {393, but i hay
yel io be stadied as 8 therapeutic target for reprogrmming melabolism 1 newrodegeneration.
Studies show that SIRTG causes glucose 1o be preferentially shutiled tnto aerobic vespiration,
and m its absence, anagrobic metabiolic pathways, glyvcolysis in particudar, are prioritized
sstegd. Here, we ablated SiM8 1 a prechinical model of RP 1o assess the role metabolism
plays i retinal degeneration. We thus iypothesized that cells conld be preserved by
upregulating anabolism, which could be achieved by pricritization of glycolysis caused by
Sires deficiency.

In the present study, electrophysiological and anatomic resoue of the Pdeshfo 93002
preciiinical model were achieved with botl permbine and AAV2/E Sireg shRNA sematic gene

SE A0

therapy. ERG recordings from Sirrd™ Fdesh™ mice showed higher b-wave

amphitades, thicker O8/0ONL, and greater rod and cone nuclear density compared with

OIS 200

controls, Because the Pdesh’ natabion is hypomorphic, the PDEG protein renwins
partially sctive, providing an explanation for the measurable ERG recordings obtained n the
control mice before degeneration overwhelived the functionality of the photoreceptors {11},
Loss of Sim6 ncressed levels of HIF LA, HIFZA, GLUTY, GLUTZ, and MY, which ave key
drivers of iosynthesis. Increased levels of HiF ta and GLUTT have previously been
associated with photoreceptor sarvival (39%:(12) In one study, injection of insulin in fouwr
nnigue RP mouse models was shown o delay degeneration of cones, and mereased levels of
GLUT! gnd HIF la were detected (12}, In another study involving tubernus selerasis conplex
2 (TSC2}) ablation, the mTOR pathway was enhanced, leading to ypregulation of GLUTE,
which was hypothesizaed to protect cones from degeneration (131, Additonally, GLUTY has

been shown to play an unportant role i protecting rods via the achvity of rod-denved cone
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viability facter {60}, Sirad deficiency allowed maximal activity of enzyvmes involved in both
glutarninolysis, driven by MYC (61}, aud enhanced retinal glycolvtic s Inereasing levels
of HIF1A and MYC bave been shown to up-regulate LRHA 1n cancer cells (50}, which was
n abserved m the Sird-deficient retina. The discrepancy between our data and our
expectations on the basis of prior studies could be explained by a negative feedback
mechanisi, nwhich S knockout increases anabolic and glycolytic metabolites, incloding
lactate (Figure 15), and the resultant high levels of lactate turn off LDHA activity and
phosphorylation. Furthermore, the VC-labeled isotoponer data reBably confirmed that

ghveolytic Bux was preferentially up-repulated (62, 63),

Overall, the mclabolome sholted 1o gacowmalate blosynibene imtermediates i the 08 of
vods fgcking Sires, including mtermediates in multiple metabolic pathways, incloding
glveplysis, the TCA cycle, and slutaminalysis (Figure 7A-D). These changes are consistent
with up-regulated anabolism, which, i turs, would be expected (o improve retipal function
andd coumter ool degth, Additionglly, the expression of the metabolites was enhanced i Sii6
“ Pepb™ I price, as assessed by LC-MSY. After statistical analysis, we confirmed that
glveolvtic metabolism was enhanced as indicated by Incressed flux from glecose Into
pyrovate and lactate, The intermedinies of the TCA oyele were also npregulated, butto a
lesser extent {Figure 15C-D), For example, the flux from plucose 1o aKG was dramgtically
increased in the Sirtg-deficient mive compared o controls. Plausibly, Sirv6-deficieny
enhanced glycolysis, and the glveolvsis-derived pyruvate entered the mitochondria 1o
incregse UKG and other imermediates, Overall, the fold change in lactate and pyruvate, both
endpomnts of glveolvais, was signiticantly higher corapared o metabedites of the TUA cyale,
suggesting a preference for glycolyiie metabolism in the Sirre-deficient mice.

To confirn that glucese metabolism influences retinal degensration, we knocked
down all PRR Bsoforms in the Pdesh™ N0 sackeround, os this enzyme regolates the rate-
hinmiting step in glyeolvsis, and its intermediates fsed mte the TCA cvele Knockdown

significantly decreased BRG scolopic b-wave amplitudes and cell layer thickness (Figwre 16),
suggesting that phyeolyiic aberrations do affect retingd degeneration. However, there are
multiple downstresm enzymes and aliernative pathways thid could be responsible for these
resulis, and further experiments will be nseded 1o explore other possibilitigs.

Despite the reduced rate of disease progression, a Hmitation of the approach described
here 1s that Mo ablabion counteracted, but could not completely halt, cell death, The primary
cell death drivers, Ca’" and cGMP toxicity arising from PDEG dysfunction, were not reversed
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by Sirtd imhibition. Continued cone cell death may be due 1o loss of rod-derived cone
viahility factor after foss of rods (64-68) or becavse of a reduction 1n the fevels ofthe
antioxidam ranscription factar, NREF2 (6%, 70) Why Siees deficiency confers early-stage but
not fong-fenm dizease amehioration remains wnclear. Two hypotheses have been put forth: the

whitle the second suggests that the melabolic changes lead o enhancement of pholoreceptor
binsynthesis during mouse retinal development. Achieving long-term efficacy ix 8 universal
Hmitation for most gene therapy interventions. In recent clinical trials of retinal gene therapy
in Leber's Congenital Anwaurosis, some research subjects showed functional uprovements
{26-33). However, several follow-up studies clearly showed that photorecepior loss had not
bieen halled, or even slowed (534, 71-73). Another himitation of our data is that it may only be
applicable {0 RP associated with the Pded mutation. Future studies should be undertakes to
explove whether metabolisn plays 4 sinunlar vole i other RP disesse origing.

Siri6 shRNA gens therapy achieved similar efficiency as the Opsin: Pdedd gene
therapy, where & viral transgene expressing wild type Pdesh was able to induce partial
functional and locahized morphological rescue of photoreceptors (111 A future strategy
would be fo spply a hipartite geng therapy vedtor 1o sireuliancously fregt a patient’s specific
mutation{s) while alse reprogramming anabolism. The “one-two punch™ that would be
provided by this combination therapy could potentially prevent future damage. Anvther

alternative maay be to contbine down-regulation of Shee with up-regulation of the mTOR(I

cones of St PenpHPRHRY

mice. Up-regulation of anabolism i rods combined with
stmuhaneous up-regulation of mTORCT 1o cones could, perhaps, have additive effedts on
phetoreceptor survival compared with the use of each sirategy i isolation. Perkaps such a
strategy would not merely stow retinal degeneration, but termunate 1. Targeting other key
regudators o reprogram metabolism may also prove fruitfol in developing treatinents for RP In
general, the metabolic underpimung of RP 1 not well understond, alihough mouse models

have been used 1o explore the role metabolism plays in degeneration. In ouy previous study,

we shoved that the Rd/ mwouse, which harbors & Pdes mutation, had decreased metabolites
HAIO TR0

compared 10 wild type puce (74). In this study, we nsed the Pdesh “RIouse
determine the effects of metabolisny tn retinal degenerstion.

The present results also support recent evidence which showed that up-regulation of
glycolysis in cona photoreceptors drives thelr survival and s crucial to photoreceptor bealth
{60}, They also align with reports that increased levels of HIFla, HIFZa, GLUTE, GLUT2,
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MY, and the other ghycobvlic enzyines are assuciated with photoreceptor survivad {39,
Together, the dats and resalis described herein provide a foundation that supports a role for
reprogramming metabolisni {o trest newrodegenerations. Neurodegenerative condiions such s
Alzheimer’s disease, Parkinson’s disease, and glancoma have alse been suggesied {o ansg from
metabolic aberrations (34, 73, 76). As photorsceplors are, at their most basie level, specialized
newons, the present strategy Hlustrated for reprogramining inetabolisin by targeling Novo
sipnaking may thus be translatable 1o halting other degensrative dizorders of the central

nervous system as wall (77, 781

Testing SIRT6 Inhibitors in a PDR {(diabefic relinopsihy disease} Maodel

Additionatly, 1t is noted that | the prosent strategy Hustrated for reprogramming metabolisin
b tareting S signabing witl be applicable tewethods usingany SIRTS dnhubiwors, inclodivg, bataay
Himiied to small mpdecales pr mimetics based on any of the following: of fenugreek seed extract,
Vitexin (solated from Hawthorn tree berriss), quercelin, narmgann, vitexin, SYNI7738303,
BASE3ISS3470, SYNIG366754, and BASO0417531. Another example of 8 SIRTG inhibitor i3
Viexin (isolated from Hawthorn tree bernies), which in certain instances can be given by PO
or formulated in a sustgmed-relgase form, biodegradable implant in the human vitreous.
Additienally, any sultable mode of delivery van be wtilized for administering one or mors of
the SIRTS indubitors, Additionsl exemplary SIRTS isbibitors have been identified and

discussed by Yasuda et all {e&mi Chem, 2011 Oct 1183191 7400-7), Schiicker et al. {Aging .

2014 Ot 16 10811 i} and mem b, (§J Med Chemy, 2014 Jun 12.37(1114796-804 ),
These and sddional exemplary SIRTS inhibifors are expected w be usefid alone, or m

combination i gspects of the present inventon,

A diabetic retinopathy murine model, dexcribed in Wert er gf. Signal Transduction
and Targeted Tharapy (2016} 1116005, will be utilized 1o lest the following SIRT6 inhibitors:
mehding, but ot Himited o sall molecules or mimetcs based on any of the following: of fenugreek
seed exiract, Vitexn (solated from Hawthomn tree herries), quercetin, natingenin, vifexin,
SYNITTI0303, BASIAISTY, SYNIOI6675, and BASOO417531.  These Chxin-
cre VRPOPY ios skhibit features mchuding vasculature defects which make i useful as a
prechnical model Tor diabetic retinopathy and ischemie retinopathies. 1t is expected that one
or more of the follnving features will b analyzed wpon sdministration of each SIRT6
uthibiior:  vitrecas hemorrhage, neovascularization, intraocular pressure, eataract formation,
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anterior synechia, neovascular glavcoma. I B aticipated that ocular beatment with {he
tested SIRTE indibitors will result fn iprovement i one ormore of the above features, and
may aise wclude improvemients such as slowing retinal degeneration, andior neovascudarization

and improving conditions such as diabetic retinopathy and/or ischamic retinopathies,

Materials and Methods
Animals

The Columbia University Institutiongl Amimal Care sud Use Commitiee JACUC)
approved all experiments prioy o initiation. Mice were used in sccordancs with the Statement
for the Use of Animals in Ophthalmic and Vision Regearch of the Association for Research in
Vision aitd Opbihalmology and the Policy forthe Lse of Amimals i Newroscience Research

of the Society for Neuroscience,

P e

Three hines of mive were crossed to develop the breading straing. $ir16 A muge

(79) were purchased frons the Jackson Laboratery; Pedgs™ - @ig

mice were rederived via
oviduct transter using Buropesn Mouse Mutant Archive (EMMA) morulge (11, 80), and
Pdesg" ™ mice were generated in the Barbara & Donald Joras Stem Cell & Regenerative
Medicine Laboratory (5, 6, 81-863. Al suice were housad in the Columbia University
Pathogen-free Eye Institule Annex Antmal Care Services Faothity and mamiained with a 12-h
hight/12-h dark cycle.

Pl TSR mies were crossed with Pdede™ % mice, and their oifspring were

on £, F i

bred with Jing” “mive. Rix pensrations of backerosses wire regiired to generale

bregding mice. The resulling progeny were homoeygous for all alleles of interast (Pdend,
Sirrg, and Pdedy, but some were wild type st Pdedy. whersas others possessed the

Pdesg"

YEERTE

matation. W isolated these two Bines for ase as breading strains. Crossing the
breeding strains produced the experimental nuce, winch are homozygous al the Pdedb and
Sire6 loct, and beterozygous at the Pdedg locus.

AL P7 half of the experimental mice were given 8 100 p/'g body weight (BW)
injection of tamoxifen {100 mgiml in ethanol; catalog TSH48; Sgma-Aldrich), which was
diluted with com pil to a concentration of 14 mg/mi and thorouphly mixed at 42°C. One
wjection was sdiministersd on P7, P8, and PO The other hall of the exparimentsl mive were
injected with ethanol (109 in corn oil) following the same dosape a8 tamoxifen and served ag

the control group. There was no diserimination based on'the sex of the pice.
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Genutyping
Recombination of the 86 allele was sccomplished theough tamoxiten-induced N6

LoxP removal at P7. To verily X6 recombination in yods, 10-pm frozen sections of the
reting ware collected, and DINA was extracied from the ONL using a 30-gauge nesdle and
surgical microscope (mor; Lelva) PCR was complated as previousty outhined (81}, Al
other organs were subsequently collected. Three primers were used {o targed the SHv6 DNA
sequence: forward & GUTAATGUOGAALGAGACCAA X7 (SEQ IDNO:S) intermal &
ACCCACCTCTOTCCCCTAAA 37 (BEQ ID NO4); awd reverse 3

amphified using the forward and reverse primers o produce the 524-bp fragment.

DNA for penotyping was extracted from mice tails, Siri6 mice genotypes were
confirmed using the forward and intemnal primers. This primey set amplifies 390-bp frapments
for wild type M6 mice and $44-bp fragroents for mice with conditional alleles that contam
the LoxP insertion site in intron 1. Genotyping Pdesd™ N pepvived the foltowing
prmers: forward 37 TOOCCACGACATCGACCACCCG ¥ (SEQ Hy N6y and reverse
S GUCATCCOCTGCOCTTCOCOTTGG 3 (SEQ ID NORT). This set amphiies o 598-bp
fragment, which was sequenced © confinm the presence of the HOZ0(Q point mutation.
Feleap ™ mice require the following primers: forward §°
GGTCAGATTCCAGTGTOTGGG 37 (SEQ ID NO:8} and reverse
fragmenis for wild type mice and 715-hp fagments for mice with conditional alleles,

Immuneblotting

Ratinae were harvested from Jaweal=old muge, homogentzed in M-PER Muanunalian
Proiein Extraction Reagent {Prod #7380 Thermo Scientific) sopplemented with phosphatase
ithibitor cockiail 1 (eatalog P2RSG-5ML; Sigma) and protease inhibitor cocktadl (ewialog
PRI 1ML Sigma), using & previousiy published method (5, 6), and protein concentrafions
were measured using the bicinchomnic acid (BCA) protem assay (Thermo
Scientific), Sodivm dodecy! sulfate-polvacrylamide gel electrophoresis (SDS-PAGE; 4%

1 5% Bio-Rad) was tsed o separate proteins, which were subsequently transferrad to
nitrocetidose (Bio~-Rad). After blocking in 3% skim milk (S02887 MP Biommedicals, LLO),
membranes were ncubated overnight at 4°C in the following antibodies: rabhit polycional
anti-Sire - ChIP Grade (15007 catalog sb105321; Abcam); rabbit polyclonal sgati-von

Hippel-Lindau - Merminal (anti-VHE; 1100 catalog ab135576; Abcam): mouse
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monoclonal anti-glucose tansporter GEUTT (1:2000; catalog ab40084; Abcamy mouse
movockonal anti~ghicose fravmaporter GLUT2 (12000; catalog ab 104632, Abcam); mosse
2 'EPAST antibody (1:1,000; catalog MB100-122; Novus Bielpgicals); mouse monoclonal
[SE10] to o-Mye (HRP) {1:1,000; caialog ab62928: Abcam): rabbit polyclonal LDHA
antbody (1:300; #2061 2; Cell Signaling): phospho-LDHA (Tyrl; 11L00G; catalog 81768;
Cell Signaling Technology); and mouse anti-f-actin {1:1,000: catalop ab125248; Abcam).
They were then washed three times in 0.3% PEST (500 gl Tween-20 i 1 000 mi PBS) and
incubated for 1 h at roon temperature W goal anti-rabbit IgG-HREP secondary antibody
{1:2,000; catalog sc-2004; Santa Cruz Biotechnology, Inc.) or rabbil anti-mouse IgG-HRP so-
338914 HRP vonjugated antibody (1:2,000; s¢-358914; Sants Cruz Biotechnology Inc.).
Membrane proteins were revealed by chemitluminescent detection (EMD Millipore) using
Biomax flm (Kodak )
ONL density and inner/outer segment length measurement

Mice were euthanized and eyes enucleated according 1o established 1ACUC
guidelines following previously described procedures {5, 63, The cornea and lens were
dissected gud the vitreous ramoved, isolsting the syecup. Excalibue Pathology prepared H &
E and retinal paraffin sections {5 pm). To grantity cell numbers and thickuess, each section
was divided into four regions: peripheral iemporal; central temporal; central nasal; and
peripheral nasal quadrants. ONL density was measured by eounting the number of
photoveceptor nuclet in each quadrant, This valoe was then divided by the length of the ONL
measured i the four guadrants and the thickness of the section. The 15708 length was
determined by measuring the average thickness of the IS/0S laver tn the four guadrants using
fmmpe 1
Transnission Electron Micrascopy

Retinae were sectioned, fixed in half-srrength Karnoveky fxative, stained willt uranyl
acetate and lead citrate, embedded in Spurrs medium, cut at 90 am, collected on grids, and
examined by transmission eleciron microscopy using a Zeiss 1960, Images were digitized and
viewed i Adobe Photoshop, and slight adjustments were made to the hrighiness io
distinguish mitochondn and ouler segimet lavers move cleardy
Tmmuanohistochentistry

Fuor frozen sections, eyes were enucleated and placed in 4% paraformaldehiyde for L h
al room {emperaiwre. After fixation, retinae were dissected from the evecup, crvoprotected in

30% glucose overmight ot 470 and sectioned vertically at 10 pgm with g covostat (Letca),
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Sections were washed 3 thnes with phosphate-buffered saline {PBS, pH 7.4} and tncubated
gvernight at 470 wath the following privaary antthodies: vabbit anti-cone arrestin (15004,
Millipore), mouse anti-rhodopsin {1300, Santa Cruz Biotechuolopy), and rabbit anti-blue
apsin (1:200, Milhpors) diluted in 3% Chemiblocker (Life Technologiss) and 0.3% Triton X-
11 i PRS. After washing in PBS, the sections were mncubated with secondary antibodies
conjugated to either Alexa 335 or Alexa 488 {1:500, Molecular Probes, Life Tecluiologies)
for 1 hat voon temperatine. Sections were then washed with PBS and incubated for § nuin
with § yp/ml Hoechst 33342 (Molecular Probes) and analyzed by vonfocal microscopy
{Nikou A‘E}.‘ Quly sections containing the optic nerve were incladed for analysis. Cone nuglet
density was guantified manually on sach section. Five sections through the optic nerve were
collected and averaged for each mouse.

ERG

Aftey nce were dark-adapted overnight, recordings were obtained voder dinred light
ilomination. Mive were angsthetized with an anesthetic solution {1 mb of 14 mg/ml
ketamine and 0.1 mb of 20 mg/mL xylwme 8.9 mi PBS) at o concentration of .1 mL10 g
BW injected in the intraperitoneal region. Heating pads were used to maintain body
temyperature at 37°C. Oue drop of Tropicamide Oplihahnic Solution (194, Akorn} was
admimstered i sach gve for dilation. Ten minutes Inter, slectrodes were placed on the
corneas and Gonipsol Hypromelioss Ophthalimic Denudeent Solution (2.5%s, Akron) was
applied.

Both eves were recorded simulianeously. Eleciropbysiological system (Diagnosys)
was used 10 record ERG responsses concurrently from both eves. For rod and maximal rod and
cone ERG responses, pulses of 0.00130 cdimt and 3 ed/m® (White-5500K) were used. Each
result represents the average of 46 1o 60 trials. For cone responses, niice were Hzht-adapted in
the Ganzfeld doms for 10 min, A background of 30 edim’” {White—ﬁ:?{}{m} was prasent
thronghout the trials to sappress rod function. ERGs were recorded using white Hashes.

ERGs were recorded at 4-8 and 10 weeks,

Subretinal AAV Injectiony
The AAVZIS(Y TI3F -S540 shRMNA virus (Figure 13A) was wjected ingo the subretinal
aren ot P4 in Pdeah™ 0P mice. The evelids of one eve of the newborn mouse were
opened arbificially using microsurgery scissors. AAY was transduced o the dorsal relinne
e

by subreting! injection. Dorsal retinae of the right eves were injected with AR TI3F)-

Siree_shRNA vector, whersas the left eves were injocted with same dose of PBS. The veniral
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side of all syes was left wntreated. Mice were examined by divect ophithalmoscopy 1o rale ol
retinal defachmentat P21 ERG and histology data were collected 8t 4 weeks of age.

Three soforms of PFK shRNA lentiviral particles were purchased from Sigma-
Aldrich (ID number: GFP: MECDOTTSS308 PFR-MITRONOUOOR 19795, PEK-
LoTRONGG0O360434, PRE-PTRONOOOO274701). Lentivirus was injected into the subretinal
area at P4-PG in Pdeah™ 8% nice The same subretinal injection method was used as in
the Sirte AAV injection, described above. ERG data were collected at 3 weeks of ags, whils
histology samples wers collected af 4 weeks of age at 03 oun distal from the optic nerve
head.

B¢ Labeled fsotope Tracing and Mass Spectrometry
Bdabeled D-Ghicose (U-"Ce, 99%) was purchased from Camburidge Isotops

Laboratory, Tac. and was injecied intraperitoneatly {500 mg/Kg) in fowr groups:

,a

i3]

Strte T pgog i OOESNE o 4 Rt Pfee U0 PETHNE prive. After 45 minutes, retinge were
prommly isolated from the mive, rinsed in PBY, and flash-frozen in Hqud nitrogen. The
retinge were subseguently homogemized i g mixtwe of methanol, ¢hloroform, and water
{700:200:50). The metabolites were dried, derivatized, and apnalyzed by GC-MS (Agilent
TRUG/SHTSCY as proviously reported (87, 88), The clromaiograns were analyzed using
Agptlent Chemstation software, The measured disitibution of mass isotopologuss was
cotrecied for based on the natural abundance of sotopes using the software IsoCor. The
fractional abundance of labeled lous to folal 10w mtensity was defernuned. Data was collected
for Sirt6™ 1 pegp! IO and Sirte Paeck TR ghce gt P21 and P2,

Steady state metabolifss werg measured by LC-MS as previously reponted by Du st al.
2015 {87}, Three-week ofd control and experiments! mice were sacrificed and retinae were
pollecied, rinsed in PBS, and flash frozen v Biguid nitrogen. Retinge were harvested at each
time point and metgbolites extracted in vold 0% methano! and quantified by Apilent 1260
L (Agilent Technologies, Santa Clara, CA-AB Sciex QTrap S50 muass spectrometer (AB

Sciex, Toronto, ON, Canada) systemn,

Statistics
All data werg analyzed using Excel, Stata 12,1, and R 3.1.1. Mice werg divided nto

ToeBanP gy oy HEIOOMHEIO0
! Ploagh i

two groups: controd (Si/6 yand Swro-deficient (Siig™

i - FIEIRUITIROON  prpees . N i N
PleahT TN BRes ouicomes were measured over time for belween-group comparison at
specific time points (e.g., al 4 wesks). For analyses comparing groaps at a fixed time point,

Linear mixed models with random intercepts were it {o the data because each mouse
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contributes two data polnts {one per eve). BRG measurements ware used as ouicome
measurements and the assigned group was the predictor.

The trgjectory of ERG oulcomes was also comipared hetween groups using data from
all time podnts. Linear mixed models were it as before, but the prediciors in this model were
group, tme, time squared, and interaction terms for group, time and group, and time squared.
The guadratic component was mchuded afler graphically examimng the individoal wouse
trajeciories. This model was comparad to a mode! without mferaction ferms using a
likelihood ratio test to determine whether the groups had different wajectories.

For analyses of IS/0S thicknesy and ONL nucler denstty in H & E sections, and for
rhadopsin OS width and S~eoue opsin OS width, sections from mouse relinge were taken at
each time point, snd nultiple bmages of each section were collected and averaged. Each
mouse only contribules ong observation, so we can consider the observations as independent.
Two~atled ¢ tests were used to compare controls 1o Sirrd-deficient wice, and # valaes < Q.08
were considered significant.

Image § analvsis software was used 1o analyze bands in Western Blots, Protein levels
were normalized respective to Actin Jevels, Levels from one ol the

o i E gy SIDIOHH
Sire6 N P g TOIOOH

¥ mrice were normalized o 1, and all other experimental conditions
were compared to this. A st was used to compare the statistical difference between the two
EEUPS.

Ten Culabeled metabolites wers measured o ascertain the ratio of labeled metabolite
abundance to imate gbundance, and these values were plotied, We also compared the
abundancs of ghiwose metabolites by liguid cwomstography mass-spectrommetry, The levels
of abundance were logl O-transfonmed and nornsabized to actin levels. Levels of the most

statistically significantly changed metabolites involved in the glycolvsis pathway were
mesgsured and plotied based on abundance. To compare groups for the previously mentioned
outcomes, we used a two-sample ¢ test,. To compare injection of AAVER(Y733F) Sirtdr shRNA
vegtor ve. PBS, mid the PFK virus byection vs. GFP wjection, we used a patred design, where
the right eve of a mouse was injected with vector and the left with PBS. Then mixed ERG b-
wave values were recovded and compared using a paired £ text.

Study Approval

The TACLC of Coturabia University approved all experimonts priov o stody start,

Use of nuce was i accordance with the Statement fur the Use of Aniinals in Ophthabmic and
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following exaples, are offored by way of example only, and do not by their details it the

seope of the fwveniron.

All references ciled herein are hicorporated by refersnce (o the same exlent as if sach
individual publication, datgbase entry {(e.p Genbank sequences or GenelDd entuigs), patent
application, or patent, was specifivally and individually indicated o bg incorporated by
reference, This statement of Incorporation by reference 15 intended by Apphicants, pursuant
t0 37 CER. §1.87(h)1), to relate o cach and every individual publication, database entry
{e.g. Genbank sequences or GenelD entries), paient application, or patent, exch of which is
clearty identifted v compliance with 37 CFER. §LST(BX2) even 3 such citation i not
iiomediately adjacent to a dedicated stalement of wcorporation by refetence, The welusion
of dedicated statoments of incorporation by reference, i say, within the specification does
no i any way weaken this general statement of incorporation by reference. Citation of the
references herein fs nut irgended a3 an admission that the reference s pertinent pricr arf, nor
dovs 1t constituie any adnussion a5 (© the condents or date of these publications or docwments.

The present inventipn is not 1o be bmited m scope by the specific smbodiments
described herein.  Indeed, vartous modifications of the invention i addition to those
described herein will become ppparent o those skilled o the s fHomw the foregoing
description and the accompanying figures. Such modifications gre intended to fall within the
scope of the appended claims,

The foregomg writen specification i3 considered to be sufficient tv enable one skilled
in the wt to practice the inveniion. Various modifications of the invention in addition to
those shown amd described hersm will bevorse apparent to those skilled in the axt from the

{oregoing description and {all within the scope of the appended claims.
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6.
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12,

A method of increasing glycolysis in o neoronal cell comprising decraasing a level
smefor achivity of TSCH, SIRTS, or a cowbiiation thereof, in the neuronal cell.
The method of claimy b wherein the neuronsd cellis g cone cell v g rod eell, ora
combinaiion of cone cells, rod cells, andior other retinal cells.

The method of claum {owhereln increasing ghycolysis by decreasing s level andfor
activity of TSCI, SIRTSH, or a combination thereof cornprises ndminisiering an
effective apumunt of an inhibitor selected from the group consisting of proteins,
vucleic acids, chemicals and combinations thereof.

The method of claim 3, wherem the nucleie acid 15 selecied from the group
ceusisting of antisense ohgonuclectide, SIRNA, shRNA, pRNA and combinations
therend.

The method of claim 1, wherein the decreasing comprises adnunisiering an
gffective amount of an inhibitor of TSCH, SIRTS, or a combination thereof,

A method of increasing neuronal survival in patieni{s) in need thereof, comprising
altering glycolvsis by decreasing a level and/or activity of TSCL, SIRT6, ora
eornbination thereof, in the nevronal cell.

The method of claim 6, wherein the nevronsd cell is 3 cong cell, avodcell, vra
setinal cell, or 2 combination of cone cells, rod cells, andior retinal cells.

The method of clawn 6, wherewn the decreasing comprises adminisfering an
gffective amount of sa inhibifer of TSCL SIRTS, or a combination thergof

The method of elaim 8, wheremn the tnlubitor is selected from the group consisting
of proteins, mrleic acids, and combinations thereof

The method of claim 9, wherein the nuclew aad s selected from the group

consisting of antisense ohgonucleotide, SIRNA, shRNA, gRNA, and combngtions

therent.
The method of clatmy &, whereiit the patient is suffering from one or more reting!

degenerative diseases selected from the group consisting of retimitis pigmentosg
{RP}, age-related macular degensration {AMDY, or glavcona, or one or more
newrodegengrative diseases inchading Alzheimer’s, Parkinson’s, Huntington's,
Amnyotrophic kateral sclerosis {ALS), Lewy body dementia, and combinations
therent.

A method of increasing photorscepior survival comprising shering ghveolysis by
& v 134 & S ¥ i
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decreasing a hevel andior sctivity of TSCL, SIRTE, ot & vombination thersof, ina

photoreceptor cell.

- The method of claim 12, wherein the photorgcepior vell is 3 cone cell, 2 rod cell,

pra retinal cell, or a combination of cone vells, rod cells, and/or veunal vells.

The method of claim 12, wherein the decreasing comprises administering an
gffective amoomt of an labior of TSCE, SIRTS, o a combination thereof.

The method of claim 14, whersin the inhubitor is selected from the group consisting
of proteins, nucleic acids, chumicals, and conbinations theveof,

The method of claim 15, wherain the mucleie acid 15 selected from the group
consishing of antisense ohgonuclectide, SIRNA, shRNA, pRNA and combinations
therent.

A method of ncreasing photoreceptor survival in a patient i nged thersef,
comprising adnyuaistering to the patient a thevapentically effechive smountofl

# recombinant adeno-associated viral {AAV) vector encoding an ihibitor of

Tsel, Birt6, or other metabolic reprogramming agent, or an inhibitor or activator of
anabolism.

The method of clatim 17, wheretin the recombinant XAV vedtoris an AAV2 vector.
The method of claim 17, wherein the AAV vector is an AAYS vecior,

The method of claim 17, wherein the AAV vector s administered by ntravitreal
njection,

-
l’ i

The method of claim 17, wherein the AAV veetor is adininistered by subretingd
mjection,
A method of increasing photoreceptor survival in & patient 1o weed thereol]

cenmprising adminstering to the patient ¢ therapeutically effective amownt of!

{a} a first recombinant adenc-associated viral (AAY} vector, whergin the first

recombinan AAY vector comprises (i} a first sequence(s) encoding at least pue

gurde RNA that hybridizes to endogenous Tye!d andior Si¢16 genen the patient,

and,

{h) & second recombinant AAV vector comprising & nueleie acid sequence encoding a

Cas muclense; wherein the Cas nuclosse cleaves the endogenous Tyed or Sired gene
greating a Fsed andior Sd knockout of the endogenous e/ andior Sird geng in
the patient.

The method of claim 22, whereln the first AAV vector andfor the second AAY

vegtor gare an AAVE veolor,

o
~t
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24, The method of claing 22, wheretn the first AAV veoior audiéor the second AANV
vegtor are an AAVR vector,

25, The method of claim 22, whevein the Cas nuckease 18 Cas®

26, The method of claim 22, wherein the first AAYV vector apdior the second AAV
veelor are administered by intravitveal injection.

37, The method of clanm 22, wherein the Arst AAY vector andior the second AAY
vector are adnunistered by subretinal injection.

2% A method of increasing newronal swvival in o patient in need thereo!f, comprizing
administering & therapeutically effective amownt of)
a recombinant adeno-associated virpl {AAV) vector encoding an inhibitor of Tscl,
Sirtés, or wther metabolic reprogramning agent, or an inhibitor or activator of
anabolism, o at least one newron i the patient.

29 The method of ¢laim 2§, wherein the AAY vector s an AAV 2 vegtor,

30. The method of claim 28, whergin the AAV vector is sn AAVE vector,

31. The method of claim 28, wherein the AAYV veclor is admunistered by wtravitreal

injection.

[
-3

. The method of clatm 2R, wheretithe AAV vecior is adnunistered by subretingl

injection.

fad
i

A method of increasing neuwronal survival in e patient tn need thevend, conywising

o5

adndmstenng o the patient a therapentically effechive smount of)

{a} g first recombinant gdenv~-gssociated viral (AAV) vector, wherein the first
recombinant AAV comprises, {1 a firsd sequence(s) sncoding at least one guide
RNA that hyvbridizes o endogenous Pvad andfor Sired gene o the patient, smd,

{b) g second recombinat AAV viral vector comprising & nucleic acid sequence
encoding a Cas nuclease, wherein the Cas nucleass cleaves the endogenous Tsel
andéor Xirtg gene creating 8 Troel amdéor Sirrg knockout of the endogenous Tyed or

Sirte gene in the patient.

a2
e

The method of claim 33, wherein the Hrst AAV vector andfor the second AAY
vegtor are s AAV R vector,

The method of clatm 33, whereln ithe frst AAV veclor audior the second AAV

T
4y

vector arg gn AAVE vactor,
36, The method of claim 33, wherein the Uas nuclease 1s CasY.
The method of claim 33, whereln the finst AAV vector andior the second AAV
vector are adnunistered by intravitresl jection.
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The method of clain 33, wheretn the first AAV veclor andior the second AAY
vegtor are administered by subrelinal dnjection.

A method of increasing glyeolysis in g neuronal cell 1o g patient in need thereof]
comprising administering a therapeutically effective amount of:

a recombiiant adeno-associated vival {AAV vecior encoding an Inhibitor of
Tscl, Suth, or other metabohe reprogranuning agent, ot an inlubilor or activator of
anabolism, 1o at least one newronal cell in the patient.

The maihod of elamm 39, whersin the AAV veolor is an AAV2 vector,

The method of clabm 3¢, wherein the AAV vecior is an AAVE vegtor,

The method of claim 39, whevein the AAV vecioy is adnunistered by intravitveal
fnjertion.

The method of claim 39, wherein the AAV vector is administered by subwetingl
wajection.

A muthod of increasing glycolysis in a neuronal gell in 8 puatient w nesd therend,
comprising adnynistering to the patient a therspeutically gifective wnount of:

{a} a first recombinant adeng-assoctated viral (AAV) vector, wherein the first
recombinant AAY comprises, (1) ¢ first sequence(s) encoding at least one gutlde
RNA that hybridizes to the endogenous T5¢f andior Sirv4 gens i the patient and,
(b} a secomd recombinant AAV viral vecior comprising a nucleic acid sequence
eocoding a Cas nuclease: wherein the Cas nuclease cleaves the endogenous Fee!f
andfor Sirté gene creating a Tref andfor 5irt6 knockout of the endogenous T
andfor Siri6 gene in the patient’s neuronal cell.

The method of clabm 44, wherehit the Orst AAV vecior andior the second AAY
vecior arg an AAVE vector,

The method of clatm 44, wherein the first AAY vector snddor the second AAY
vector are is an AAVE vegtor

The method of claim 44, wherein the Cas nuglense is Cash,

The method of claim 44, wherein the first AAV vector andior the secomi AAV
vector are administered by intravitveal mjection.

The method of clatme 44, wheretn the first AAYV veotorandior the second AAY
vector are gdministered by subretingl injection,

The method of any ong of clatns 17, 22,33 or 44, further comprising
administering ong or more SIRTE inhibitors selected from the group consisting of
fenupreek seed extract, Vitexin Osolated from Hawthom tree berries), quercetin,

79
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paringenin, vilexin, SYNIT739303, BASI35553470, SYNHRA6T34, and
BASOO41 783 L

1. The method of claim 5 or 14, wherein the inhibitor of SIRTS is selecied from the

sroup consisting of fenugreek seed extract, Vitexin (xolated fron Hawthom wree
berrtes), quercetin, naringenin, vitexin, SYNIT7739303, BASI35355470,
SYNUHRGOTE, BASOG417T331, and a combimations thereof
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