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Abstract

Retinoblastoma (RB) is an ocular malignancy of early childhood. Although mutations in the Rb1
gene and expression of stem cell markers have been identified in RB, additional information on
RB-specific alterations in signaling pathways and protein expression would be useful for the
design of targeted RB therapies. Here we have evaluated the expression of HER2 (ERBB2) in RB.
HER?2 is a member of the epidermal growth factor family, which is overexpressed in breast,
ovarian, gastric, colorectal, pancreatic, and endometrial cancers in a stratified manner.
Overexpression and gene amplification of HER2 is associated with aggressive malignancies,
accompanied by chemoresistance and poor outcomes. In this study, we present the first evidence
of HER2 immunoreactivity in retinoblastoma, as shown by immunocytochemistry, flow cytometry,
and western immunoblot, with validation by reverse transcription PCR (RT-PCR) in both RB cell
lines and clinical RB tumors. Our results suggest that the HER2 protein expressed in RB is a
truncated version that spares the trastuzumab binding site, while HER2 is not detected in normal
ocular tissues. Our discovery of HER2 expression in RB may lead to innovative and targeted drug
treatment options designed to spare the eye and preserve vision in RB patients.
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Background

Results

Human epidermal growth factor receptor 2 (HER2) is a trans-membrane protein encoded by
the ERBBZ gene on chromosome 17g21-22 [1]. The overexpression of HER2, detected in
15-30 % of breast cancers, is typically associated with poor clinical outcomes [2]. HER2
expression has been exploited as a therapeutic drug target in the form of trastuzumab [3, 4],
a humanized monoclonal antibody targeted to the extracellular domain of HER2 [review, see
5]. In addition to breast cancer, HER? is also associated with other malignancies including
ovarian cancer [6], gastric cancer [7] (including premalignant lesions [8]), colon cancer [9],
pancreatic cancer [10], and bladder cancer [11]. The identification of HER2 expression in
other malignancies has led to HER2-directed therapeutic strategies for additional neoplastic
diseases. As such, HER2 has become an important drug target for malignancies other than
breast cancer [12].

The purpose of the present study was to determine the expression of the HER2 target in
retinoblastoma (RB), a childhood tumor of the retina that can spread and metastasize via the
optic nerve to the brain [13]. In previous studies, our group has reported on expression of
stem cell markers, such as ABCG2, Oct4, and Nanog, in RB [14, 15]. ABCGZ2, in particular,
is a stem cell marker that can confer resistance to a number of common chemotherapeutic
agents [16]. The specter of chemoresistance underscores the need to identify new markers
for targeted RB therapies. Here we investigate the expression of the cell surface marker
HER2/ERBB2, since there has been very little information on the expression of HER2 in
RB. To date, there has been no HER2-directed therapy tested on RB patients, mainly
because early indications suggested that the HER2 target would not be expressed in RB [17].
However, that study relied upon only one HER2 antibody and one method, i.e.,
immunohistochemistry. Thus, if we can thoroughly evaluate and establish the expression of
HER2 in RB, the RB patients may significantly benefit from existing treatment approaches
originally designed for other malignancies expressing HER2.

In this manuscript, we have undertaken a more comprehensive examination of HER2
expression in RB, using multiple methods including immunohistochemistry,
immunocytochemistry, reverse transcription PCR (RT-PCR), flow cytometry, and western
immunoblot. Here, for the first time, we present HER2 immunoreactivity in retinoblastoma,
a finding that may lead to novel prognostic indicators and treatment options for RB,
including the potential for utilizing FDA-approved anti-HER?2 agents like trastuzumab.

Immunoreactivity of HER2 in RB tissues in situ

HER2 immunoreactivity was compared between a breast cancer tumor array and a
retinoblastoma tumor array comprised of patient tissue samples. A breast cancer array with a
variety of HER2-positive cores was chosen, as HER2 is most commonly associated with
expression in breast cancer and could serve as a good positive control for HER2
immunoreactivity. In Fig. 1a, HER2 immunoreactivity was assessed based on accepted
clinical standards (scale 0-3) for both tumor arrays. The retinoblastoma array contained
cores derived from RB patients that covered a range of HER2 clinical scores, and
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representative fields are shown side-by-side with breast cancer fields of corresponding
scores. Our results showed that just as with breast cancer, RB tumors from different patients,
as well as fields within the same core, had varying degrees of HER2 immunoreactivity.
Figure 1b shows a summary of HER2 clinical scores for the RB tumor array, with a range
from 1to 3.

Immunoreactivity of HER2 in RB cell lines

Next, we examined HER2 immunoreactivity in four RB cell lines, all derived from different
patients—Y79, WERI-RB27, RB116, and RB143. In Fig. 2, we compared HER2
immunoreactivity in these four RB cell lines with two breast cancer cell lines—BT474
(HER2-high) and MDA-MB231 (HER2-low). As evident in the photomicrographs, all RB
cell lines displayed some HER2 immunoreactivity. WERI-RB27 cells appeared to exhibit
the strongest staining. For better quantitation, we then measured HER2 immunoreactivity in
RB cells by flow cytometry.

Quantitation of HER2 in RB cell lines

Flow cytometry allowed us to measure HER2 immunoreactivity in a large population of RB
cells and compare them with the HER2-high breast cancer cell line BT474. For the flow
cytometry experiments, we utilized trastuzumab as the primary antibody for added
validation and specificity. As seen in Fig. 3, all RB cell lines contained populations of
HER2-positive cells that were able to bind to trastuzumab. Here as well, WERI-RB27 cells
appeared to exhibit the strongest HER2 immunoreactivity among RB cell lines.

HER2 mRNA expression in RB tumors

We carried out RT-PCR as an additional validation of HER2 expression at the messenger
RNA (mRNA) level in both RB tumors and cell lines using HER2-specific primers. As
shown in Fig. 4, RT-PCR on mRNA isolated from primary tumors derived from three RB
patients (different tumor samples than those used for immunohistochemistry), as well as
mMRNA isolated from RB cell lines (SJ, RBL355, and Y79), displayed a band of the
predicted size (130 bp), which is consistent with HER2 transcript expression in these
samples. There was no amplification of HER2 in tumor or cell line samples in which RT was
omitted (data not shown), indicating that the HER2 expression was from transcribed
complementary DNA (cDNA) and not from contaminating genomic DNA.

Evidence for possible truncation of HER2 in RB

Western blot analysis was used to visualize HER2 immunoreactive band(s) in RB cell
lysates. The four RB cell lines (Y79, WERI-RB27, RB116, and RB143) were analyzed
alongside the BT474-positive control, and the results are shown in Fig. 5a—c. The Cell
Signaling anti-HER2 antibody detected the appropriate HER2 band only in BT474- and
N-87-positive control lanes, with no visible bands for the RB lanes. For the Genetex and
Sigma-Aldrich anti-HER?2 antibodies, we saw bands of lower molecular weight than the
expected 185 kDa, a potential sign of HER2 truncation or splice variation. Figure 5d shows
positive immunostaining for BT474, but lack of immunoreactivity in the RB cell lines with
the Cell Signaling anti-HER?2 antibody, the same antibody that was used in the western blot
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of Fig. 5a that lacked HER2 bands for RB samples. Taken together, these results suggest a
truncation or splice variation of HER2 in RB.

Herstatin immunoreactivity in RB

A splice variant of HER2, Herstatin (HST), is expressed in a number of malignancies and
may regulate HER2 activity [18]. In Fig. 6, Herstatin immunoreactivity was most intense in
BT474 breast cancer cells, with immunoreactivity evident in Y79, WERI-RB27, and RB143
cells. RB116 cells showed slight immunoreactivity, which was comparable to MDA-MB231
breast cancer cells.

Immunoreactivity of HER2 in normal human eye

Considering HER2 as a potential ocular drug target, it would be important to know the
extent to which HER2 is expressed in hormal human eyes to avoid toxic cross-reactivity
during intra-ocular treatment. To this end, we carried out studies to determine the degree of
HER2 immunoreactivity in normal human eyes, free of retinoblastoma. In Fig. 7, we
examined a variety of ocular structures, including the retina, cornea, optic nerve, and lens. In
all cases, there was no detectable HER2 immunoreactivity in normal ocular tissues.

Discussion

Immunoreactivity of HER2 in RB

To our knowledge, this is the first report of HER2 expression in retinoblastoma, both in RB
cell lines and RB patient samples. A previous study examined HER2, along with other
markers in RB, but did not find HER2 immunoreactivity under those experimental
conditions [17]. Negative HER2 results in that study may have been due to (a) differences in
sample preparation, (b) the use of only one anti-HER2 antibody (that may have been
confounded by the truncation in RB), and (c) examination by immunohistochemistry alone.
In our study, we have shown HER2 in RB by immunocytochemistry of RB cell lines and
immunohistochemistry of RB tumors with more than one anti-HER2 antibody, trastuzumab
binding by flow cytometry, mRNA expression by RT-PCR, as well as immunoreactive bands
by western blot that suggest splice variants or truncation of the HER2 protein in RB.
Interestingly, HER2 immunoreactivity in RB tumors, as scored in Fig. 1b, appears to be
patient specific, just as it is for other malignancies, including breast cancer [19]. This finding
suggests the possibility of using a personalized medicine approach for the treatment of
HER2+ RB tumors.

Truncation of HER2 in RB

Splice variants for HER2 have been reported previously in breast cancer [20]. Some HER2
splice variations may delete the trastuzumab binding site, rendering the tumor chemo
resistant [21] . Our western blot and immunocytochemistry data suggest a truncation of the
HER?2 protein expressed by RB cells and immunoreactivity for the Herstatin splice variant,
yet the trastuzumab binding site appears to be intact based on binding of the antibody to RB
cell lines in Fig. 3. With the binding site present, it may be feasible to test trastuzumab as a
potential therapeutic agent on RB xenografts in vivo. A summary of the information we have
on HER2 protein expressed by RB (as determined by the antibodies used in this study) is
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shown in Fig. 8. Additional sequencing studies of HER2 will pinpoint the extent of protein
truncation in HER2 expressed by RB cells. Based on our trastuzumab immunoreactivity
data, we predict that this truncation would not affect the efficacy of trastuzumab in vivo.
Preclinical studies, using animal models of human RB, will help determine the feasibility of
using anti-HER2 therapy for human RB.

HER2 in normal human eye

HER2 immunoreactivity was not seen in normal human ocular structures (cornea, lens,
retina, optic nerve), using both the Genetex and Sigma-Aldrich anti-HER?2 antibodies. Thus,
the treatment of HER2-expressing ocular tumors with trastuzumab would more likely spare
non-tumor cells that lack HER2 on the cell surface, resulting in more efficient and targeted
killing of the tumor with fewer ocular side effects. In vitro and in vivo studies of anti-HER2
therapies with attention to non-tumor cells of ocular origin will provide additional
information regarding the degree of off-target effects and ocular safety of HER2 targeted
therapies. Death of RB tumor cells, coupled with retention of healthy surrounding ocular
tissue, would be the most promising result for anti-HER2 experimental therapies.

Conclusions

Methods

Cell culture

In summary, we have detected HER?2 in retinoblastoma by immunocytochemistry,
immunohistochemistry, flow cytometry, and RT-PCR, while normal ocular tissues were
immunonegative for HER2. Western blot analysis, coupled with immunocytochemistry,
suggests a possible truncation or splice variation of HER2 in RB that spares the trastuzumab
binding site. Further studies will pinpoint the truncation and determine the feasibility of
repurposing trastuzumab as a potential targeted therapeutic agent for retinoblastoma.

Human retinoblastoma cell lines (Y79, WERI-Rb27, RB116, RB143, SJ, and RBL355) were
grown in suspension (37 °C with 95 % air, 5 % CO2) in RPMI-1640 medium with 10 %
fetal calf serum. For RB116 cells, RPMI-1640 medium was supplemented with 1 % 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Life Technologies, Carlsbad, CA).
Cytospins of cell lines for immunocytochemistry were prepared by 10-min fixation in
cytospin solution (72 % isopropanol, 19 % acetone, 7.6 % glycerol) and centrifugation onto
slides using a Shandon Cytospin II.

Immunohistochemistry

Staining of paraffin sections (RB tissue array and breast cancer tissue array—USBiomax
Rockville, MD), archival human retinal specimens, and cytospins was carried out as
described previously [14, 15]. Cytospins and deparaffinized tissues were stained using the
CRF Anti-Polyvalent HRP Polymer kit (ScyTek, Inc. Logan, Utah). Anti-HER2 antibodies
(GTX117479, Genetex, Irvine, CA; Sigma-Aldrich HPA001383, St. Louis, MO; Cell
Signaling Technologies, Beverly, MA) or Herstatin antibody (Novus, Littleton, CO) were
used as the primary antibody (5 pg/ml) and incubated for 1 h. Negative controls received
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non-specific rabbit antibody instead of primary antibody. HRP Polymer and
diaminobenzidine (DAB) were used according to the CRF kit to develop brown reaction
product. After DAB staining and a water rinse, paraffin sections were counterstained with
hematoxylin for 1 min, rinsed in water, then 15 s in acid ethanol, a water rinse, followed by
dehydration through a series of graded alcohols to xylene. Paraffin slides were mounted in
Permount (Fisher Scientific, Pittsburgh, PA). Cell line cytospins were mounted with KPL
aqueous mounting medium (KPL, Gaithersburg, MD). Digital images were captured with a
SONY ICX 285AL SPOT camera (Diagnostic Instruments, Sterling Heights, Ml).

Flow cytometry

RB cells and a positive control (BT474 breast cancer cells) were labeled for flow cytometry
using trastuzumab as the primary antibody. Cells were suspended in phosphate-buffered
saline (PBS) containing 0.5 % BSA and incubated with (10 ug/ml) trastuzumab (Genentech,
South San Francisco, CA) for 1 h on ice. After incubation, they were washed three times
with PBS, resuspended in PBS containing 0.5 % bovine serum albumin (BSA) and
incubated with anti-Human AlexaFluor 488-conjugated secondary antibody (Life
Technologies, Grand Island, NY) for 30 min in the dark. Cells were washed again three
times with PBS and resuspended in PBS containing 0.5 % BSA. Labeled cells were
analyzed using a BD FACSCalibur with CellQuest Pro software.

Western immunoblot

RT-PCR

Cellular proteins (50 pg per sample) obtained by lysis of RB cells along with positive
control were separated in an 8 % SDS-PAGE under reduced conditions. Protein was
transferred onto a PVDF membrane and the membrane was blocked with 5 % milk for an
hour. The membrane was incubated overnight with anti-HER?2 antibody at 4 °C, washed, and
then incubated with horseradish peroxidase-conjugated secondary antibody. Finally, the blot
was probed and imaged with enhanced chemiluminescent reagents using BioRad ChemiDoc
MP imaging system.

RT-PCR was performed as described in our previous publication [15]. One microgram of
total RNA from human RB tissues or cell lines was reversed transcribed into cDNA using
ThermoScript (Invitrogen) according to manufacturer’s directions, followed by incubation
with RNase H for 30 min at 37 °C. The HER2 gene was amplified from cDNA samples
using PCR with 45 s denaturation at 94 °C, 45 s annealing at 61 °C, and 60 s extension at
72 °C. A negative control cDNA that did not have reverse transcriptase was used to
distinguish amplification from contaminating genomic DNA. A control PCR sample without
template was included for each reaction. The PCR primers [22] were designed to span an
intron and include all possible transcript variants of HER2, with the sequences as follows :
Erbb2 - 2686F : ATCTGCCTGACATCCACG and Erbb2-2814R:
GCAATCTGCATACACCAGTTC.
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Immunoreactivity of HER2 in retinoblastoma tissues in situ. a An RB tumor array and a
human breast cancer tumor array were immunostained for HER2 as described in “Methods.”

Representative fields of HER2 clinical scores are shown, ranging from 0 to 3, with

corresponding breast cancer fields placed above RB fields for comparison. Scale bar=10

microns. b HER2 immunoreactivity was scored for the retinoblastoma tumor array on a

scale of 0-3
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Fig. 2.

Irr?munoreactivity of HER2 in RB cell lines. Four RB cell lines (Y79, WERI-RB27, RB116,
and RB143) were compared with BT474 (HER2-high) and MDA-MB231 (HER2-low)
human breast cancer cells. The negative control panel received isotype control antibody
instead of primary antibody. All RB cells tested displayed HER2 immunoreactivity greater
than MDA-MB-231, but less than BT474. Scale bar=10 microns
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BT-474 Rb-143 WERIRb 27

- Cell Control

Secondary antibody
Control

Trastuzumab/HER-2

Fig. 3.
Quantitation of HER2 immunoreactivity in retinoblastoma cell lines. RB cells (Y79, WERI-

RB27, RB116, and RB143) were compared with HER2-positive BT-474 cells for the
expression of HER2 using trastuzumab as primary antibody. Peak corresponding with the
violet color shows the unstained control cells, green corresponds to cells stained with
fluorochrome-conjugated secondary antibody alone, and the pink corresponds to the HER2-
positive population of cells
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Neg P1 P2 P3 C1 C2 (3

Fig. 4.

HI%RZ mRNA in RB tumors. Amplification of an expected 130-bp band (arrow) is shown in
three RB patient samples (P1, P2, P3) and three RB cell lines (C1 [SJ], C2 [RBL355], and
C3[Y79]). The “no template”lane (Neg) is a negative control for the PCR reaction that
omitted the Tag polymerase, while molecular weight markers are shown at each end
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Fig. 5.

E\?idence of possible truncation for HER2 in RB. a—c Western blot analysis with three anti-
HER?2 antibodies. a Cell Signaling Technology antibody showed high expression of HER2
in BT474 and N-87 cells with band sized 185 kDa; however, all the RB cell lines were
negative for HER2 expression. b Antibody from Sigma-Aldrich showed high expression of
HER?2 in BT474 cells with the band size 185 kDa, but it was not observed in RB cells,
instead all the RB cells showed three different bands corresponding to 75, 48, and ~40 kDa.
¢ The Genetex antibody also positively detected a 185-kDa band in BT474 cells that was
again missing in RB cells. The RB cells showed bands corresponding to 120, 48, and ~40
kDa with the Genetex antibody. d Immunocytochemistry of HER2 using the Cell Signaling
Technologies antibody with a binding site at the amino terminal end of HER2. Note the
absence of immunoreactivity for all RB cell lines, with the positive control (BT474) still
immunoreactive. Scale bar=10 microns
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Fig. 6.

ngstatin immunoreactivity in RB cell lines. RB cell lines (Y79, WERI-RB27, RB143, and
RB116) and breast cancer cells (MDA-MB231 and BT474) were immunostained for
Herstatin as described in “Methods.”BT474 was used as the positive control for the most
intense staining, with MDA-MB231 cells as a Herstatin-low control. Scale bar=10 microns

Tumour Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seigel et al. Page 15

Retina Cornea

RPE is pigmented

Optic nerve Lens

Fig. 7.
HERZ2 immunoreactivity in normal human eyes. a Normal human eyes were stained with

anti-HER2 antibody. Images of several ocular structures, including the optic nerve, cornea,
lens, and retina, show no specific staining for HER2. The retinal pigmented epithelial region
has naturally occurring pigment that does not constitute HER2 immunoreactivity. Scale
bar=30 microns
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Fig. 8.

HER?2 antibodies and the HER2 protein. Antibodies used for this study and their binding
sites along the HER2 protein are shown. Green arrows indicate positive detection of HER2,
while red arrows show negative results. Based on these results, it appears that the HER2
truncation is at the amino terminal end. Note that the Herstatin antibody recognizes a splice
variant that includes both amino and carboxy-terminal ends (striped arrows)
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