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Jesse L. Berry1,2, Liya Xu3, Irsan Kooi4, A. Linn Murphree1,2, Rishvanth K. Prabakar5,

Mark Reid1, Kevin Stachelek1, Bao Han A. Le1,2, Lisa Welter3, Bibiana J. Reiser1,2,

Patricia Ch�evez-Barrios6, Rima Jubran7, Thomas C. Lee1,2, Jonathan W. Kim1,2,

Peter Kuhn3,8,9,10, David Cobrinik1,2,8,11,12, and James Hicks3,8

Abstract

Tumor-derived cell-free DNA (cfDNA) has biomarker poten-

tial; therefore, this study aimed to identify cfDNA in the aqueous

humor (AH) of retinoblastoma eyes and correlate somatic

chromosomal copy-number alterations (SCNA) with clinical

outcomes, specifically eye salvage. AH was extracted via para-

centesis during intravitreal injection of chemotherapy or enu-

cleation. Shallow whole-genome sequencing was performed

using isolated cfDNA to assess for highly recurrent SCNAs in

retinoblastoma including gain of 1q, 2p, 6p, loss of 13q, 16q,

and focalMYCN amplification. Sixty-three clinical specimens of

AH from 29 eyes of 26 patients were evaluated; 13 eyes were

enucleated and 16 were salvaged (e.g., saved). The presence of

detectable SCNAs was 92% in enucleated eyes versus 38% in

salvaged eyes (P¼0.006).Gainof chromosome6pwas themost

common SCNA found in 77% of enucleated eyes, compared

with 25% of salvaged eyes (P ¼ 0.0092), and associated with a

10-fold increased odds of enucleation (OR, 10; 95% CI, 1.8–

55.6). The median amplitude of 6p gain was 1.47 in enucleated

versus 1.07 in salvaged eyes (P ¼ 0.001). The presence of AH

SCNAs was correlated retrospectively with eye salvage. The

probability of ocular salvage was higher in eyes without detect-

able SCNAs in the AH (P¼ 0.0028), specifically 6p gain. This is

the first study to correlate clinical outcomes with SCNAs in the

AHfromretinoblastomaeyes, as such thesefindings indicate that

6p gain in the aqueous humor is a potential prognostic bio-

marker for poor clinical response to therapy.

Implications: The correlation of clinical outcomes and

SCNAs in the AH identified in the current study requires

prospective studies to validate these finding before SCNAs,

like 6p gain, can be used to predict clinical outcomes at

diagnosis. Mol Cancer Res; 16(11); 1701–12. �2018 AACR.

Introduction

Retinoblastoma is a primary cancer that develops in the eyes

of children. Although various treatment modalities exist, enu-

cleation, or surgical removal of the entire eye, is still needed for

advanced tumors (1, 2). Primary enucleation is performed

when the tumor appears to be too advanced for attempted

salvage therapy. Secondary enucleation is required when the

tumor recurs after chemotherapy and the eye is removed to

prevent tumor spread. Currently, prediction of which eyes will

respond to therapy (and avoid enucleation) is based on clinical

classifications, which include tumor size, retinal detachment,

and tumor seeding (3). However, the most commonly used

classification, the International Intraocular Retinoblastoma

Classification (IIRC; ref. 3), is predictive of treatment success

in only 50% of group D eyes (4, 5) and is even less predictive

for more advanced group E eyes (6, 7). A better method for

predicting eye salvage and response to therapy is critically

needed for retinoblastoma patients.

A notable difference in the classification of retinoblastoma

compared with other cancers is that it is not based on biopsy
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and does not consider any genetic tumor markers (8). Nonethe-

less, much is known about retinoblastoma genetics from studies

of tumors in enucleated eyes. The vast majority of retinoblastoma

(98%) is initiated by inactivation of both alleles of the RB1 tumor

suppressor gene on chromosome 13q (9–13). Additional genetic

changes can further drive tumorigenesis (14, 15). Tumor studies

have revealed somatic copy-number alteration (SCNA) profiles

with highly recurrent chromosomal gains on 1q, 2p, 6p, losses on

13q, 16q, and focal MYCN amplification on 2p, which together

are termed "RB SCNAs" (9, 10, 12, 13).

The role RB SCNAs play in retinoblastoma tumorigenesis and,

moreover, whether there are certain SCNAs that portend a more

aggressive tumor phenotype is unknown.One report suggests that

1q and 6p gain and 16q loss may be associated with locally

invasive disease (16); another suggests that gainof 6p is associated

with less differentiated tumors with higher rates of optic nerve

invasion (17), and may be seen in older patients (18). However,

these associations have not been relevant to predicting eye salvage

nor applied to tumors at diagnosis or during therapy. This is

because invasive tissue biopsy of retinoblastoma is contraindi-

cated for fear of extraocular tumor spread (19, 20).

To overcome the problem of inability to biopsy, we recently

demonstrated that tumor-derived cell-free DNA (cfDNA) is pres-

ent in the aqueous humor (AH; ref. 21), which can be safely

extracted from retinoblastoma eyes undergoing therapy (22).

Thus, the goals of this study were to determine whether genomic

analysis of the AH samples reproducibly reflects the genomic state

of the tumor andwhether the highly recurrent RB SCNAs detected

in theAHpredict tumor response to therapy and thus the ability to

salvage the eye.

Materials and Methods

Institutional Review Board approval was obtained with written

informed consent from the parents of participants. Samples were

sequenced within 1 month of extraction.

Patient selection

This analysis included patients diagnosed with retinoblastoma

fromDecember 2014 to August 2017 who underwent intravitreal

injection of melphalan (IVM) during routine clinical therapy or

underwent enucleation (either as primary or secondary), and for

whomAHsampleswere takenandparental consentwasobtained.

No patientsmeeting these criteria were excluded. Therapywas not

randomized but done per CHLA protocol (5, 23). The primary

endpoint was eye salvage (e.g., the ability to treat the cancer and

save the eye with standard clinical therapy).

Control samples include 0.1 mL of AH from 2 patients with

congenital glaucoma and one with pediatric cataract. None were

infectious or inflammatory in etiology.

Genomic data were kept separate from the clinical data until

final analysis, which was done retrospectively. REMARK guide-

lines for reporting biomarkers were followed (24).

Surgical procedure and specimen storage

Clear corneal paracentesis was performed with extraction of

0.1 mL of AH as part of the procedure for intravitreal injection of

chemotherapy (25) or immediately after enucleation. After intra-

vitreal injection of chemotherapy, cryotherapy is applied to the

scleral injection site. Cryotherapy is not done at the corneal

paracentesis site.

For control patients, corneal paracentesis was done as part of

routine anterior segment surgery.

Samples were stored at �80�C without other preservation.

CfDNA isolation and sequencing protocols were described pre-

viously (21).

Data analysis

DNA concentrations were assayed using Qubit HS (High-

Sensitivity) kits (Thermo Fisher). SCNA analyses were described

previously (21, 26, 27). Next-generation sequencing reads from

pooled barcoded DNA libraries were deconvoluted (Illumina

iGenome) and mapped to the human genome (hg19, Genome

Reference Consortium GRCh37; ref. 28) with Bowtie2 (29, 30).

Duplicates were removed (samtools rmdup; ref. 31), normalized

for G:C content, and DNA segment copy numbers were obtained

by dividing the genome into 5,000 variable length bins and

calculating the relative number of reads in eachbin.Copy-number

estimates were calculated by reference-free log2 ratios taking the

median window count of normal autosomal chromosomes.

Segmentation was performed using circular binary segmentation

with DNAcopy (Bioconductor; ref. 32). SCNAs were positive at

20% deflection from baseline (log2 ratio ¼ 0), meaning losses at

log2 ratios <�0.2 (ratio of 0.87 or lower) and gains at log2 ratios

>0.2 (ratio of 1.15 or higher). Hierarchical clustering was per-

formed using heatmap.2 function in R package gplots ((https://

cran.r-project.org/web/packages/gplots/index.html) on median-

centered data, usingWardmethod (33, 34) as the distancemetric.

Clustering was based on the Pearson correlation of the SCNA

profiles.When tumorwas available, concordancewas determined

by dividing the median-segmented ratio values for the tumor by

themedian-segmented ratio values for the AH and calculating the

percentage of bins in which the ratio was within 0.8 to 1.2

(excluding chromosomes X and Y; ref. 35).

Genomic instabilitywas calculated as the sumof the segmented

log2 ratios, excluding chromosomes X and Y and represented as

the sum deviation from the median. AH samples with <2% of

reads aligned to the human genome were removed from analysis.

Fisher exact testswere used for associations betweenpresence of

RB SCNAs and clinical classification, or outcome. Kaplan–Meier

survival analyses with log-rank tests compared eye salvage in

treated eyes based on IIRC groups (3) and presence of any RB

SCNAs, as well as each SCNA individually (modeled as presence/

absence given at least 20% deflection from baseline).

ACoxproportionalhazardmodelwasused toassess the viability

of genomic instability as a biomarker. Themethodwas alsoused to

estimate hazard ratios of all candidateRBSCNAs,while accounting

for patient age and staging. Because of low frequency of SCNAs

other than 6p, we created another proportional hazardmodel that

considered the interaction between 6p and any other candidate

SCNA,while accounting for age, to estimate hazardof enucleation.

To validate thismultivariablemodel and avoid estimation bias, we

utilized bootstrapping with 500 replications. A mixed-model test

compared median amplitudes of 6p gain in enucleated versus

salvaged eyes, accounting for biological replicates and within-

patient variations by eye. JMP Pro 13 (SAS Institute, Inc.) and

Stata/SE 14.2 (StataCorp) were used for statistical analyses.

Because of the small sample size inherent in studies of pediatric

retinoblastoma, we did not conduct any internal validation by

split-sample or cross-validation.We did conduct bootstrapping on

a limitedCoxhazardmodel considering 6p gain and its interaction

with other RB SCNAs (1q, 2p, and 16q).

Berry et al.
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Charts were reviewed for age at diagnosis, sex, laterality, IIRC

group (3), treatment modalities, tumor recurrence, enucleation,

and follow-up.

Results

Patients and samples

To assess relationships between retinoblastoma AHSCNAs and

clinical features, we assembled a data set including sequential

AH samples, matched tumors from enucleated eyes and clinical

outcomes. Demographics of the 26 patients are presented

in Table 1; 3 patients had both eyes included for a total of 29

eyes. Thirteen eyes required enucleation (3 primarily and 10

secondarily due to tumor relapse). Sixteen eyes were salvaged

with treatment. Treatment was not randomized and included

3-drug intravenous chemotherapy (CEV; refs. 5, 23), intra-arte-

rial chemotherapy, intravitreal chemotherapy for seeding (IVM;

refs. 36, 37) during which AH samples were taken, and consol-

idation with laser and cryotherapy. The number of laser and

cryotherapy sessions are listed in Table 1 and did not vary

between enucleated and salvaged eyes (P ¼ 0.92). Clinical

follow-up from diagnosis to last evaluation ranged from 8 to

49 months (median, 19 months). No eye that was considered

salvaged had less than 12 months of follow-up. All eyes evalu-

ated in this study were advanced, with seeding, which may

present a selection bias; however, the presence of RB SCNAs did

not correlate with seed class (ref. 38; P¼ 0.12). Themedian age at

diagnosis did not differ significantly between enucleated and

salvaged eyes (enucleated median 20 months, range 0 to 38

months; salvaged median age 10 months, range 2 to 59 months,

P ¼ 0.66). For all patients, peripheral blood cells were tested for

RB1 mutations and the results are shown in Table 1.

CfDNA concentration was measured for 8 eyes (18 samples)

and ranged from 0.084 to 56 nanograms/microliter (ng/mL). The

DNA concentrations are listed in Table 1, by eye. If more than

1AH samplewas evaluated per eye, amedian valuewas given. The

AH median concentration of cfDNA obtained at the time of

melphalan treatment was 0.2 ng/mL. As described previously

(21), eyes with large untreated tumors that underwent primary

enucleation hadmuch higher concentrations (mean, 43.6 ng/mL).

Excluding the primarily enucleated eyes (which were also exclud-

ed from survival analysis), there was no difference in the concen-

tration of cfDNA from eyes that were salvaged versus those that

were enucleated (P ¼ 0.19). CfDNA concentration was not

measured for every AH sample. For the control samples of

AH, median concentration of DNA in the AH was found to be

0.15 ng/mL (mean, 0.12; range, 0.05–0.16 ng/mL).

Tumor tissue was taken and available for comparison with AH

of the 13 enucleated eyes. Histopathologic analysis of enucleated

eyes revealed active tumor with mitosis and apoptosis; vitreous

seeds were documented on histopathology from all enucleated

eyes.No tumorwas seen in the needle tracks from the paracentesis

site in the cornea or from the scleral needle tracks for injection of

melphalan into the vitreous (Fig. 1). The cornea tracks were well

healed andwithout tumor (Fig. 1A–C). The pars plana entrance of

the injection site also showed healed tissue without tumor cells

(Fig. 1D and E). These findings are consistent with the lack of

tumor cells in each of 10 AH samples previously examined (21)

and indicate that tumor-DNA copy-number alteration (CNA)

profiles derive from cfDNA that has perfused into the anterior

chamber.

Spectrum of genomic changes in AH cfDNA

We obtained genome-wide SCNA profiles from AH cfDNA by

shallow whole-genome sequencing, followed by assigning

mapped reads to preassigned "bins" across the genome

(26, 39). Thirteen tumor and 63 AH samples were included;

5 obtained immediately after enucleation and 58 from 24 eyes

undergoing intravitreal injection of chemotherapy. No eyes

were excluded from evaluation. Five of the 63 AH samples

(8%) were removed due to poor read count alignment (<2%).

Of the remaining 58 samples, 40 exhibited any SCNA above

threshold (69%) and 34 (57%) demonstrated one or more of

the highly recurrent `RB SCNAs,' namely, gains of 1q, 2p, 6p,

focal MYCN amplification and losses at 13q and 16q (refs. 9,

10, 13, 40; Table 1). The focus of this analysis is on these RB

SCNAs; however, alterations in other chromosomal segments

were included when scoring total genomic instability (Supple-

mentary Figs. S1 and S2). In agreement with prior analyses of

retinoblastoma tumors (9), the overall genomic instability in

the AH samples, defined as the total sum deviation from the

median of the genome with CNAs, positively correlated with

age at diagnosis (P ¼ <0.0001, R2 ¼ 0.658). This observation

lends further credence to the hypothesis that the AH is a valid

and reliable source of tumor-derived DNA for retinoblastoma

(Supplementary Fig. S1).

Genomic analysis of the AH demonstrates similar profiles to

matched tumors

We sought to assess whether cfDNA in the AH sample

resembles that of the tumor cells when the same eye is subse-

quently enucleated (Fig. 2). Concordance of DNA profiles

between tumor and the initial AH sample ranged from

84.3% to 100%. Eleven of the 13 eyes showed a near-exact

match of chromosomal gains and losses between tumor and

AH (>90% concordance). Case 1 was similar (84.3% concor-

dance), but the CNAs in the AH did not exactly mimic the

tumor. This patient had germline loss of a 13q segment pre-

disposing to development of retinoblastoma. This eye (previ-

ously described; ref. 21) had multiple retinal tumors at diag-

nosis that had likely developed different subsets of SCNAs.

Case 4 (85.1% concordance) is a patient without a germline

RB1 mutation but similarly developed multiple recurrent sub-

retinal tumors from reactivated seeding poorly responsive to

therapy and was subsequently enucleated. We hypothesize that

in these cases, the AH cfDNA profile was a heterogeneous

mixture of tumor-derived DNA from each tumor clone. We

observed that the genomic status of the AH matches the

genomic status of the tumor, except when multiple retinal

tumors were present.

Genomic analysis of AH samples longitudinally demonstrates

reproducibility

We next evaluated the genomic status of the tumor at

multiple time points corresponding to sequential intravitreal

injections. To determine whether AH SCNA profiles were stable

over time, and correlate with matched tumors, we compared

AH and tumor profiles using two different methods. We eval-

uated the intersample concordance for 58 samples from 21 eyes

that had more than 1 sample of AH and/or matched tumor

available. Figure 3 shows a hierarchical clustering matrix (Pear-

son) containing AH and tumor samples from this subset of

samples. Using this method, we observed that tumor samples

Aqueous Humor Genomics Predicts Retinoblastoma Eye Salvage

www.aacrjournals.org Mol Cancer Res; 16(11) November 2018 1703

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
r/a

rtic
le

-p
d
f/1

6
/1

1
/1

7
0
1
/2

3
1
3
2
9
4
/1

7
0
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



T
a
b
le

1.
P
a
ti
e
n
t
d
e
m
o
g
ra
p
h
ic
s,
cl
in
ic
a
l
o
u
tc
o
m
e
s,
a
n
d
R
B
S
C
N
A
g
e
n
o
m
ic

a
lt
e
ra
ti
o
n
s

C
a
se

S
e
x

A
g
e

a
t

D
x

(m
o
s)

II
R
C

g
ro
u
p

cl
a
ss

T
N
M

L
a
te
ra
lit
y

S
e
e
d

c
la
ss

B
lo
o
d
R
B
1
m
u
ta
ti
o
n

In
it
ia
l

T
x

R
e
q
'd

la
se
r

&
/o
r

C
ry
o

# L
a
se
r

se
ss
io

n
s

#
C
ry
o

se
ss
io

n
s

R
e
q
'd

IV
M

T
im

in
g

o
f
1s
t

A
H

sa
m
p
le

T
o
ta
l
#

o
f
A
H

sa
m
p
le
s

C
o
n
c.

D
N
A

n
g
/m

L

A
n
y

R
B

S
C
N
A

R
e
q
'd

E
N
U
C

?

R
e
a
so
n

fo
r

E
N
U
C

H
ig
h
-

ri
sk

p
a
th
?

T
im

e

to E
N
U
C

a
ft
e
r

d
x

(d
a
y
s)

F
o
ll
o
w
-

u
p

(m
o
s)

1q
2
p

6
p

13
q

16
q

1
M

2
0

E
cT

3
c

U
C
lo
u
d

13
q
�

E
N
U
C

N
A

N
A

N
A

N
A

W
it
h

e
n
u
c

1
3
1.
1

"
(2
.0
)

#
(0
.5
)

Y
e
s

Y
e
s

P
ri
m
a
ry

Y
e
s

0
19

2
M

7
E

cT
3
b

U
C
lo
u
d

N
e
g
a
ti
v
e

E
N
U
C

N
A

N
A

N
A

N
A

W
it
h

e
n
u
c

1
5
6

"
(2
.6
)

Y
e
s

Y
e
s

P
ri
m
a
ry

N
o

14
8

3
M

3
8

E
cT

2
b

U
D
u
st

N
e
g
a
ti
v
e

E
N
U
C

N
A

N
A

N
A

N
A

W
it
h

e
n
u
c

1
"
(1
.3
)

"
(1
.5
)

#
(0
.5
)

Y
e
s

Y
e
s

P
ri
m
a
ry

Y
e
s

2
8

4
M

2
6

D
cT

2
b

U
S
p
h
e
re

N
e
g
a
ti
v
e

C
E
V

Y
e
s

6
4

Y
e
s

IV
M

2
0
.2
3
þ
þ

"
(1
.4
)

"
(1
.8
)

#
(0
.6
)

Y
e
s

Y
e
s

R
e
cu
r

N
o

5
11

17

5
M

0
B

cT
1b

B
D
u
st

�
�
�

g
.7
6
9
3
2
_
7
6
9
5
2
d
e
l2
1

C
E
V

Y
e
s

2
2

1
Y
e
s

IV
M

1
0
.1
8

N
o
�
�

Y
e
s

R
e
cu
r

Y
e
s

1,
16
6

4
9

6
F

2
8

D
cT

2
b

B
C
lo
u
d

3
0
%

m
o
sa
ic
c.
10
7
5
>
T

C
E
V

Y
e
s

15
2

Y
e
s

IV
M

7
0
.1
4
þ
þ

"
(1
.5
)

"
(1
.3
)

"
(2
.0
)

#
(0
.6
)

Y
e
s

Y
e
s

R
e
cu
r

N
o

5
3
7

3
7

7
M

10
E

cT
3
c

B
D
u
st

F
ra
m
e
sh
if
t
m
tn

e
x
o
n
18

C
E
V

Y
e
s

12
0

Y
e
s

IV
M

1
"
(1
.6
)

Y
e
s

Y
e
s

R
e
cu
r

Y
e
s

13
3
8

8
F

2
2

D
cT

2
b

U
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

10
0

Y
e
s

IV
M

3
"
(1
.1
)

"
(1
.7
)

#
(0
.7
)

Y
e
s

Y
e
s

R
e
cu
r

N
o

2
5
7

9

9
F

2
9

D
cT

2
b

B
S
p
h
e
re

c.
9
5
8
C
>
T
E
x
o
n
10

C
E
V

Y
e
s

6
0

N
o

W
it
h

e
n
u
c

1
"
(1
.7
)

"
(1
.5
)

Y
e
s

Y
e
s

P
e
rs
is
t

N
o

2
4
6

2
2

10
F

2
E

cT
3
c

B
D
u
st

c.
2
4
2
5
d
e
lC

C
E
V

N
o

0
0

N
o

W
it
h

e
n
u
c

1
F
o
ca
l

M
Y
C
N

y
e
s

y
e
s

P
e
rs
is
t

N
o

8
6

18

11
F

8
D

cT
2
b

U
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

15
5

Y
e
s

IV
M

4
"
þ
(1
.5
)

Y
e
s

Y
e
s

R
e
cu
r

N
o

4
2
6

14

12
_
O
S

F
13

D
cT

2
b

B
S
p
h
e
re

13
q
a
n
d
16

p
d
e
le
ti
o
n

C
E
V

Y
e
s

7
3

Y
e
s

IV
M

1
"
(1
.8
)

#
(0
.5
)

Y
e
s

Y
e
s

R
e
cu
r

N
o

3
0
0

13

13
M

3
4

D
cT

2
b

U
S
p
h
e
re

p
.M
e
t1
4
8
V
a
lf

C
E
V

Y
e
s

8
1

Y
e
s

IV
M

2
"
(1
.2
)

"
(1
.5
)

#
(0
.7
)

Y
e
s

Y
e
s

R
e
cu
r

N
o

3
0
2

11

12
_
O
D

F
13

C
cT

2
b

B
D
u
st

13
q
a
n
d
16

p
d
e
le
ti
o
n

C
E
V

Y
e
s

4
0

Y
e
s

IV
M

3
"
(1
.3
)

#
(0
.5
)

#
(0
.7
)

Y
e
s

N
o

N
A

N
A

N
A

13

14
M

5
D

cT
2
b

U
S
p
h
e
re

N
e
g
a
ti
v
e

C
E
V

Y
e
s

2
0

3
Y
e
s

IV
M

1
0
.8
8
þ
þ

N
o

N
o

N
A

N
A

N
A

2
6

15
M

10
D

cT
2
b

U
D
u
st

N
e
g
a
ti
v
e

IA
M

Y
e
s

13
0

Y
e
s

IV
M

3
N
o

N
o

N
A

N
A

N
A

16

16
_
O
D

M
9

E
cT

3
b

B
D
u
st

c.
2
5
2
7
d
e
lG

(E
x
o
n
2
5
)

C
E
V

Y
e
s

15
0

Y
e
s

IV
M

2
N
o

N
o

N
A

N
A

N
A

16

16
_
O
S

M
9

E
cT

3
b

B
D
u
st

c.
2
5
2
7
d
e
lG

(E
x
o
n
2
5
)

C
E
V

Y
e
s

15
0

Y
e
s

IV
M

3
N
o

N
o

N
A

N
A

N
A

16

17
F

2
E

cT
3
c

B
S
p
h
e
re

c.
14
2
1þ

12
_
14
2
1þ

3
2
d
e
l2
1b
p

C
E
V

Y
e
s

19
0

Y
e
s

IV
M

2
N
o

N
o

N
A

N
A

N
A

2
3

18
_
O
D

M
2
6

C
cT

2
b

B
D
u
st

c.
2
5
2
0
þ
1G
>
A
(i
n
tr
o
n
2
4
)

C
E
V

Y
e
s

7
1

Y
e
s

IV
M

1
"
(2
.0
)

"
(1
.7
)

#
(0
.5
)

Y
e
s

N
o

N
A

N
A

N
A

19

18
_
O
S

M
2
6

D
cT

2
b

B
C
lo
u
d

c.
2
5
2
0
þ
1G
>
A
(i
n
tr
o
n
2
4
)

C
E
V

Y
e
s

6
0

Y
e
s

IV
M

1
"
(1
.5
)

#
(0
.5
)

Y
e
s

N
o

N
A

N
A

N
A

19

19
F

2
6

D
cT

2
b

B
D
u
st

c.
19
8
1C
>
T
(e
x
o
n
2
0
)

IA
M

Y
e
s

10
0

Y
e
s

IV
M

3
N
o

N
o

N
A

N
A

N
A

2
5

2
0

F
2

D
cT

2
b

B
S
p
h
e
re

T
!
G
in

e
x
o
n
17

C
E
V

Y
e
s

6
0

Y
e
s

IV
M

3
N
o

N
o

N
A

N
A

N
A

3
0

2
1

M
2
4

D
cT

2
b

B
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

2
0

Y
e
s

IV
M

2
"
(1
.4
)

"
�
(1
.2
)

#
(0
.1
)

#
(0
.5
)

Y
e
s

N
o

N
A

N
A

N
A

2
5

2
2

M
2
8

D
cT

2
b

U
C
lo
u
d

c.
19
8
1C
>
T
(e
x
o
n
2
0
)

C
E
V

Y
e
s

3
1

Y
e
s

IV
M

5
"
(1
.5
)

"
(1
.3
)

#
(0
.5
)

Y
e
s

N
o

N
A

N
A

N
A

2
6

2
3

M
4

D
cT

2
b

U
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

5
0

Y
e
s

IV
M

1
N
o

N
o

N
A

N
A

N
A

3
5

2
4

F
10

D
cT

2
b

U
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

13
0

Y
e
s

IV
M

3
0
.2
9
þ
þ

N
o

N
o

N
A

N
A

N
A

4
2

2
5

F
5
9

D
cT

2
b

U
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

12
6

Y
e
s

IV
M

2
0
.3
0
þ
þ

"
�
(1
.2
)

#
(0
.6
)

Y
e
s

N
o

N
A

N
A

N
A

4
2

2
6

M
2

D
cT

2
b

U
D
u
st

N
e
g
a
ti
v
e

C
E
V

Y
e
s

15
1

Y
e
s

IV
M

2
N
o

N
o

N
A

N
A

N
A

17

N
O
T
E
:
E
y
e
s
th
a
t
re
q
u
ir
e
d
e
n
u
cl
e
a
ti
o
n
a
re

a
b
o
v
e
th
e
g
ra
y
lin
e
a
n
d
th
o
se

th
a
t
w
e
re

sa
lv
a
g
e
d
a
re

b
e
lo
w
.
G
a
in
s
o
r
lo
ss
e
s
a
re

in
d
ic
a
te
d
a
s
"
g
a
in
;
#
lo
ss
,
a
lo
n
g
w
it
h
a
m
p
lit
u
d
e
o
f
th
e
ch
a
n
g
e
(a
s
ra
ti
o
to

m
e
d
ia
n
).

A
b
b
re
v
ia
ti
o
n
s:
A
H
,
a
q
u
e
o
u
s
h
u
m
o
r;
C
E
V
,
ca
rb
o
p
la
ti
n
;
E
N
U
C
,
e
n
u
cl
e
a
ti
o
n
;
m
o
s,
m
o
n
th
s;
m
tn
,
m
u
ta
ti
o
n
;
R
B
,
re
ti
n
o
b
la
st
o
m
a
;
R
B
1,
re
ti
n
o
b
la
st
o
m
a
tu
m
o
r
su
p
p
re
ss
o
r
g
e
n
e
;
S
C
N
A
,
so
m
a
ti
c
C
N
A
;
T
x
,
th
e
ra
p
y
.

þ
S
C
N
A
n
o
t
p
re
se
n
t
in

th
e
in
it
ia
l
A
H
sa
m
p
le
,
b
u
t
p
re
se
n
t
in

su
b
se
q
u
e
n
t
(c
a
se

11
).

�
S
C
N
A
p
re
se
n
t
in

th
e
in
it
ia
l
A
H
sa
m
p
le

b
u
t
N
O
T
p
re
se
n
t
in

su
b
se
q
u
e
n
t
(c
a
se
s
2
1
a
n
d
2
5
).

�
�
S
C
N
A
n
o
t
p
re
se
n
t
in

in
it
ia
l
A
H
sa
m
p
le

h
o
w
e
v
e
r
re
q
u
ir
e
d
se
co

n
d
a
ry

e
n
u
cl
e
a
ti
o
n
fo
r
a
la
te

(>
8
0
0
d
a
y
s)

m
a
ss
iv
e
re
ti
n
a
l
re
cu
rr
e
n
ce

a
n
d
A
H
w
a
s
n
o
t
ta
k
e
n
a
t
th
a
t
ti
m
e
(c
a
se

5
).

þ
þ
M
e
d
ia
n
v
a
lu
e
b
a
se
d
o
n
m
u
lt
ip
le

sa
m
p
le
s
e
v
a
lu
a
te
d
.

�
�
�
S
e
e
d
s
n
o
t
p
re
se
n
t
a
t
d
ia
g
n
o
si
s,
p
re
se
n
t
w
it
h
re
cu
rr
e
n
ce

o
n
ly
.

Berry et al.

Mol Cancer Res; 16(11) November 2018 Molecular Cancer Research1704

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
r/a

rtic
le

-p
d
f/1

6
/1

1
/1

7
0
1
/2

3
1
3
2
9
4
/1

7
0
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



correlate most closely with matched AH samples from the same

eye (with the exception of case 1, described above). The

majority of longitudinal AH samples also group together with

few exceptions. For example, in case 15, AH samples 1 and 2

clustered together but sample 3, taken at the last intravitreal

injection, had reduced amplitude of alterations and clustered

instead with those samples with fewer, lower amplitude aber-

rations. This demonstrates the high level of intersample con-

cordance in the AH with genomic alterations (including low

amplitude alterations) remaining stable over sequential draws.

The same information for all AH samples arranged in genome

order is shown in Supplementary Fig. S2.

SCNA profiling of AH cfDNA reveals differences in enucleated

and salvaged eyes

Another goal of this study was to determine whether genomic

evaluation of the AH was predictive of eye salvage. We directly

compared the initial AH cfDNA CNA profiles for eyes that had

been enucleated versus salvaged (Fig. 4; Supplementary Figs. S3

and S4). Genomic evaluation of these AH samples demonstrated

the presence of any RB SCNA in enucleated eyeswas 12/13 (92%),

whereas the fraction in salvaged eyes was 6/16 (38%; P¼ 0.006).

Of the RB SCNAs, 6p gains were the most frequent RB SCNA and

were significantly more common in enucleated eyes. The 6p gain

was present in 10/13 enucleated eyes (77%) as compared with

4/16 (25%) salvaged eyes (Fisher exact, P ¼ 0.0092). The com-

posite summation of the SCNA profiles from the initial AH

samples for the two groups is shown in Fig. 4 revealing the

difference in median (of the ratio to the median) amplitude of

6p gain between enucleated and salvaged eyes (1.47 in enucleated

eyes vs. 1.07 in salvaged eyes,P¼0.001). Therewere no significant

differences in 1q, 2p, 13q, or 16q between the salvaged and

enucleated groups, although there was a marginal effect for 1q

(1.22 median amplitude gain in enucleated eyes, vs. 1.09 gain in

salvaged eyes, P¼0.08).Wenoted a focalMYCN amplificationon

2p without any other SCNAs in the AH of one eye (case 10;

Supplementary Fig. S3). The odds of an eye requiring enucleation

were 20-fold greater if any RB SCNA was present in the AH (OR,

20.0; 95%CI,2.1–195.0, logistic regression); and10-fold greater if

6p gain was present in the AH (OR, 10.0; 95% CI, 1.8–55.6,

logistic regression).

In order to evaluate the independent effects of each candidate

biomarker on ocular salvage, while accounting for age and any

predictive utility of staging information, we created a multivar-

iable Cox proportional hazard model. Based on univariable

Kaplan–Meier analyses, we reduced staging to two levels (D or

E vs. A, B, or C) and collapsed all other SCNA deviations than 6p

gain to another dichotomous variable. Using this model, the risk

Figure 1.

Histopathology from an eye

enucleated after intravitreal injection.

A, Paracentesis site in the cornea on

gross examination (B) at 40� and (C)

100�. No tumorwas seen in the needle

tracks from the paracentesis in the

cornea. The cornea tracks were well

healed and without tumor. D, The pars

plana entrance of the injection site for

intravitreal melphalan at 40� and (E)

at 100� also showed healed tissue

without evidence of tumor cells.

Aqueous Humor Genomics Predicts Retinoblastoma Eye Salvage
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Figure 2.

Chromosomal CNA profiles from 13 eyes that required enucleation with available tumor tissue for comparison. The profiles demonstrate the similar

genomic alterations: concordance of DNA profiles between tumor and the iAH ranged from 84.3–100%. Eleven of the 13 eyes showed a near exact

match of chromosomal gains and losses between tumor and AH (>90% concordance).

Berry et al.

Mol Cancer Res; 16(11) November 2018 Molecular Cancer Research1706
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of enucleation was 2.14 times greater in patients with 6p gain

(Bootstrapped HR, 2.14; 95% CI, 1.29–3.58; P ¼ 0.01) and 1.17

times greater for patients who carried any other SCNA (Boot-

strapped HR, 1.17; 95% CI, 0.57–2.40; P > 0.05), although the

latter was not statistically significant in the multivariable model.

Notably, the interaction between age and analysis time was not

significant, verifying the proportional hazard assumption.

The presence of RB SCNAs, specifically gain of 6p, in the AH

improves upon clinical classification alone for prediction of eye

salvage

It is known that clinical classification [IIRC, ref. 3; tumor–

node–metastasis (TNM), ref. 8] predicts eye salvage; however,

prognostic success remains limited for advanced eyes (4–7, 23).

Thus, to test whether genomic analysis of AH samples could better

predict eye salvage, genomic instability, presence of RB SCNAs,

and specifically 6p gain were analyzed in addition to clinical IIRC

and TNM classification for ocular survival. Kaplan–Meier curves

were evaluated at 1 standard deviation from the median follow-

up (800 days). The primarily enucleated eyes (cases 1–3) were

removed as salvage was not attempted.

We then evaluated ocular survival based on AH genomics. We

first evaluated whether overall genomic instability was a useful

biomarker for eye salvage with Cox proportional hazard model-

ing; this was not shown to be predictive (P ¼ 0.5882; 95% CI,

0.9982–1.0025). We used 300 as a marker of "high" genomic

instability which also did not predict ocular survival based on

Kaplan–Meier analysis (Fig. 5A, log-rank, P ¼ 0.1373). However,

the presence of RB SCNAs in the AH predicted eye salvage

significantly better than clinical classification alone (Fig. 5B,

P ¼ 0.0028). Within the RB SCNAs, gain of 6p was the single

SCNA that was most predictive of inability to salvage the eye (Fig.

5C, P¼ 0.0092). Only 4 eyes had other RB SCNAs and not gain of

6p; two were in the enucleated group (cases 4 and 10) and two in

the salvaged group (cases 12 and 22).

Given that gain of 6p was the single most predictive SCNA, we

then evaluated the impact of this objective genomic information

in addition to clinical classification for both IIRC and TNM

classification. Figure 5D shows that IIRC classification alone does

stratify eye survival by class, demonstrating that advancedDandE

eyes have a lower likelihood of eye salvage, although in this small

group this was not significant (P ¼ 0.6716). This is similar when

TNM classification is used (Fig. 5G, P ¼ 0.2400).

Evaluation of both clinical and genomic information (e.g., gain

of 6p) in advanced group D and E eyes also demonstrates that

genomic analyses increased the predictive value of tumor relapse

requiring enucleation (Fig. 5E, P ¼ 0.0130; Fig. 5F, P ¼ 0.2207).

This was similarly seen for advanced cT2b and cT3 eyes with the

TNM classification (Fig. 5H; P ¼ 0.0174; Fig. 5I, P ¼ 0.2207). It

should be noted that the 5 group E eyes are the same 5 cT3 eyes as

the clinical classification schemes are similar.

Longitudinal evaluation of AH samples may predict tumor

remission and relapse

Despite the relative genomic stability of the AH samples (Fig.

3), we observed measurable differences in the amplitude of these

alterations over the course of treatment in a manner that corre-

latedwith clinical response to therapy.We interpret the changes in

amplitude to reflect the fraction of tumor DNA in the total AH

cfDNA and by inference, tumor activity.

Figure 3.

Pearson hierarchical clustering matrix

based on the SCNA profiles of the 58

AH and tumor samples from 21 eyes

that had more than one sample

available for correlation. Samples are

listed as case number_# based on the

chronological order of AH sampling

(e.g., 1, 2, 3). Tumor samples correlate

most closely with the matched AH

samples from the same eye (with the

notable exception of case 1, described

in the text). The majority of

longitudinal AH samples also group

together with few exceptions.

Samples that correlate within the

same eye are shown by the gray bars

on the right; the black bars indicate

samples that did not fall adjacent other

samples from the same eye. Samples

from eyes that were enucleated (e.g.,

surgically removed) are indicated by

the red bar adjacent the dendogram,

those that are salvaged (e.g., saved)

are indicated in blue.

Aqueous Humor Genomics Predicts Retinoblastoma Eye Salvage
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Two patients in this cohort had >4 samples of AH available for

evaluation. Case 22 had 5 AH samples taken during intravitreal

injection of chemotherapy in which the seeds were treated suc-

cessfully, the main retinal tumor did not recur, and this eye was

successfully salvaged. Comparison of the AH profiles over time

showed a decreasing burden of tumor-derived DNA in the AH

with no additional chromosomal alterations appearing. In fact, a

decrease in the amplitude of alterations below threshold was seen

in the last sample. This suggests a gradual reduction in the fraction

of tumor-derived DNA in the cfDNA extracted from the AH as the

tumor responds to therapy (Fig. 6).

In contrast, case 6 (previously described; ref. 21) had 7 AH

samples, of which 5 had acceptable read alignment. Evaluation of

the AH SCNA profiles demonstrated an initial decrease in the amp-

litude of alterations indicating a reduced amount of tumor DNA in

the AH and a positive response to the intravitreal chemotherapy.

However, the subsequent AH samples show increased amplitude,

correlating clinically with tumor recurrence; this eye required enu-

cleation. TheAHsample at the timeof enucleationdemonstrated an

increased number of genomic events and instability (Fig. 6).

Amplitude changes specifically in 6p also correlated with

clinical outcomes. Two eyes in the salvaged group had small

amplitude gain in 6p in the first AH sample only, becoming

greatly diminished or undetectable in later samples (cases 21 and

25). Similarly, one eye (case 11) that required enucleation did not

initially have a gain of 6p. However, with tumor relapse, 6p gain

was present in subsequent AH samples (Supplementary Fig. S5).

Taken together, these results indicate that increase or decrease

in SCNA amplitude or total genomic instability could be useful as

a real-time predictor of tumor response during treatment in

certain cases.

Discussion

Herein, we present a novel analysis of retinoblastoma tumor

DNA in 63 separate AH samples, themajority of whichwere taken

during active treatment. Evaluation of this larger data set provided

further evidence that the AH "surrogate tumor biopsy" (21) is a

valid source of tumor-derived cfDNA and is representative of the

genomic state of the tumor. With access to tumor DNA in vivo, we

were able to identify differences in the SCNA profiles from

enucleated and salvaged eyes. The differences in these genomic

profiles significantly affected the prediction of therapeutic tumor

response, retrospectively. Notably, we found that lack of a 6p gain

confers a significant survival benefit for the eye (P ¼ 0.0092);

stated conversely, the presence of 6p gain in the AHwas associated

with a significantly increased risk of an eye requiring enucleation.

Based on multivariate analysis, this risk is 2.14-fold greater;

however, univariate analysis predicts a 10-fold greater risk of

enucleation in an eye with 6p gain in the AH. Gain of 6p provided

additional objective information beyond established clinical

classifications to predict the likelihood of globe salvage for

patients with advanced retinoblastoma. In addition to this ob-

jective measure, we found a potential benefit of longitudinal

Figure 4.

A, Composite somatic CNA profile from

cell-free DNA in the AH samples from

enucleated eyes (Enuc, red) and

salvaged eyes (Salv, blue). B, Box plot

demonstrating the range of amplitude

changes for the enucleated (Enuc) vs.

salvaged (Salv) eyes; the black bar

represents the median while the green

bar represents the mean (of the ratio to

median). The sample with focal MYCN

gain is shown as a red asterisk in the Chr

2p plot. The median of the ratio to

median amplitude of Chr 6p gain is

significantly greater in enucleated eyes

(P¼ 0.001), whichmay be both from the

increased copy number of the amplified

region and an increase in the total

fraction of tumor-derived DNA in the AH

of enucleated eyes.

Berry et al.
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sampling of the AH as the overall amplitude of genomic altera-

tions may provide a real-time measure of therapeutic response.

Although the analysis in this larger sample set provided

further support for the clinical utility of the AH, it should be

noted that cfDNA taken from a cancer patient, whether from

blood or AH, is a variable mixture of normal DNA and DNA

shed from the tumor. Thus, measurements of copy-number and

peak amplitude of alterations reflect both the intrinsic genomic

state of the tumor and the overall quantity of tumor DNA in the

fluid. These AH samples were not taken at diagnosis, but rather

after initial chemotherapy at the time of adjuvant IVM, or at the

time of a tumor recurrence that required secondary enucleation.

We retrospectively observed that enucleated eyes had a higher

frequency of RB SCNAs, with greater amplitude of alterations,

than salvaged eyes (Supplementary Figs. S1 and S2). Thus, the

AH SCNA profiles with minimal alterations that were seen in

the salvaged eyes may reflect a tumor with similarly few CNAs,

or rather the response of the tumor to previous chemotherapy

and thus a low fraction of tumor-derived cfDNA in the AH, or

both. Additionally, the majority of included eyes were

advanced group D and E; it is not clear if eyes with smaller

tumor burden and/or less seeding would actively shed tumor

DNA into the AH. At this point, we only know that following

the treatment protocol at our institution, the AH profiles

without the presence of RB SCNAs strongly correlated with

therapeutic tumor response and the ability to save the eye. This

may represent a minimally invasive means of detecting the risk

of secondary enucleation at the time of a retinal or seeding

recurrence. Without prospective studies, this cannot be extrap-

olated to predictions of therapeutic response at diagnosis and

gain of 6p may or may not have a similar relationship to eye

salvage with different treatment paradigms.

Of the RB SCNAs, 6p gain was the most frequently identified

SCNA in the AH. Gains of 6p are also themost common genomic

Figure 5.

Kaplan–Meier curves of eye salvage for treated eyes (e.g., no primary enucleations) at 800 days by ALL EYES: A, All eyes � presence of genomic instability

>300 sum deviation from the median (with time from sample to event or last follow-up), regardless of clinical classification; B, all eyes � the presence of

RB SCNAs in the AH (with time from sample to event or last follow-up), regardless of clinical classification; C, all eyes� presence of gain of 6p in the AH (with time

from sample to event or last follow-up), regardless of clinical classification; WITHIN IIRC; D, IIRC group (with time from diagnosis to event or last follow-up);

E, Group D eyes� gain of 6p in the AH (with time from sample to event or last follow-up); F, Group E eyes� gain of 6p in the AH (with time from sample to event

or last follow-up); WITHIN TNM. G, TNM group (with time from diagnosis to event or last follow-up). H, cT2b eyes � gain of 6p in the AH (with time from

sample to event or last follow-up). I, cT3 eyes�gain of 6p in theAH (with time from sample to event or last follow-up). This demonstrates that the presence of anyRB

SCNA aids in prediction of globe salvage more accurately than group classification alone. Within the RB SCNAs, 6p gain was most predictive of risk of tumor

recurrence requiring enucleation.
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changes observed in retinoblastoma tumors (14, 17). Driver

genes for tumorigenesis associated with 6p gain have been

postulated including DEK and E2F3 (10, 14, 41). DEK encodes

a DNA-binding protein that acts as an oncogene in multiple

cancers (42, 43), and E2F3 is involved in transcriptional cell-

cycle control, regulated by the retinoblastoma protein (pRB;

ref. 44). A more exact delineation of the mechanism by which

6p gain promotes retinoblastoma progression has been hindered

by the fact that focal SCNAs (those carrying only a few genes) are

rare, with the exception of the 2p region encompassing MYCN

(45). Thus, the minimum region of gain for 6p is not yet refined

to the single gene level. Providing additional detail on the genetic

mechanisms behind this RB SCNA is a potential benefit of the AH

biopsy to increase the number and range of cases tested as the AH

can be sampled from enucleated as well as salvaged eyes. This

assay has the resolution to detect focal events as evidenced by the

detection of narrow MYCN amplifications. Our preliminary

retrospective evaluation of 6p gain as a biomarker in the AH

demonstrated that this highly recurrent SCNA correlates with

clinical outcomes in retinoblastoma eyes undergoing treatment.

This has not previously been shown because tumor genomics

have not previously been evaluated from salvaged eyes. We

found that both the frequency and the amplitude of 6p gain

were significantly higher in the cohort of eyes that required

enucleation and had significant predictive value. With access to

tumor-derived cfDNA via the AH, future studies may explore

associations with other clinical features and outcomes including

type of tumor relapse, seeding class, high-risk histopathologic

features, and metastatic disease.

Use of a biopsy to predict therapeutic response (46), risk of

metastatic disease (47–49), and survival (50) for other malignan-

cies, even other intraocularmalignancies, has dramatically affected

the ability to provide precision medicine for patients with other

types of cancers. Liquid biopsies based on circulating tumor cells

and cfDNA in the blood or other fluids have been explored for

other cancers as means to further prognosticate therapeutic out-

comeswithout the need for invasive tissuebiopsy (51–55). Further

investigation of the AH as a liquid source of tumor-derived cfDNA

may improve our understanding of which genes contribute to

retinoblastoma tumorigenesis, which biomarkers portend more

aggressive disease activity and, in the future, may alter our current

paradigms of disease management for this pediatric cancer. Our

findings suggest that a prospective study with AH sampled at

diagnosis and throughout therapy iswarranted to further elucidate

the impact of 6p gain or other biomarkers for retinoblastoma.
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