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Figure 3. Relative growth rate of GBM cells with or without Imatinib (IMA) treatment. A. Growth rate of GBM cells un-
der treatment of IMA with different concentrations for 96 hr. B. IC_, calculation of IMA in GBM cells. C and D. Growth
curves of GBM cells under treatment of IMA with different concentrations from O to 4 days. E and F. Growth curves
and relative growth rate of GBM-1 cells with exogenous expression of indicated genes under treatment of Vehicle or
IMA. G and H. Growth curves and relative growth rate of LN229 cells with exogenous expression of indicated genes
under treatment of Vehicle or IMA. RA: PDGFRA; I1R: IGF1R; EB3: ERBB3; RB: PDGFRB; TR2: TGFBR2; FR1: FGFR1.

The data are shown as mean = SD, n = 3 per group.

substrate. In GBM-1 cells, transfection of
PDGFRA, PDGFRA plus IGF1R, or PDGFRA plus
ERBB3 resulted in comparable activation of
AKT marked by the level of phosphorylated
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AKTS43 (p-AKT) (Figure 4A, lane 1-lane 3). As
expected, Imatinib treatment obviously de-
pressed AKT activation in GBM-1 cells with
PDGFRA (Figure 4A, lane 4), but failed to do so
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Figure 4. Western blot assay of GBM cells with or without Imatinib (IMA) treatment. A and B. GBM-1 cells with exog-
enous expression of indicated genes under treatment of Vehicle (-) or IMA (+). C and D. LN229 cells with exogenous
expression of indicated genes under treatment of Vehicle (-) or IMA (+). RA: PDGFRA; 11R: IGF1R; EB3: ERBB3; RB:
PDGFRB; TR2: TGFBR2; FR1: FGFR1. Actin (B-actin) is used as loading control.

in GBM-1 cells with PDGFRA plus IGF1R or
PDGFRA plus ERBB3 (Figure 4A, lane 5 and
lane 6). Consistently, the phosphorylation of S6
(p-S6) was resistant to Imatinib treatment in
GBM-1 cells with PDGFRA plus IGF1R or
PDGFRA plus ERBB3 (Figure 4A, lane 5 and
lane 6), but reduced by Imatinib in GBM-1 cells
with PDGFRA (Figure 4A, lane 4). Unexpectedly,
Imatinib treatment seemed ineffective for
GBM-1 cells with exogenous expression of
PDGFRB (Figure 4B, lane 4), but co-transfec-
tion of PDGFRB and TGFBR2 further increased
p-AKT and p-S6, especially under existence of
Imatinib (Figure 4B, lane 5), which was not obvi-
ous for the co-transfection of PDGFRB and
FGFR1 (Figure 4B, lane 6). Supporting the data
in GBM-1 cells, we acquired similar results
using LN229 cells (Figure 4C and 4D).
Therefore, the western data indicated that
ERBB3, IGF1R, and TGFBR2, but not FGFR1,
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maintained the activation of PDGFR down-
stream targets under the existence of PDGFRI.

Co-expression of PDGFR with ERBB3, IGF1R,
or TGFBR2 promoted migration and invasion
of GBM cell in vitro

One of the typical characteristics of GBM cells
is highly invasive growth, which is derived from
the increased migration and invasion ability
[36-38]. Moreover, the development of resis-
tance is usually accompanied with the in-
creased mobility and invasibility of GBM cells
[39]. Thereby, we asked whether the PDGFR-
correlated RTKs could regulated the migration
and invasion of GBM cells. In GBM-1 cells, we
found that co-expression of PDGFRA with
ERBB3 or IGF1R effectively enhanced the
migration and invasion as indicated by cham-
ber assay without Matrigel and with Matrigel,
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Figure 5. Migration and invasion assay of GBM-1 cells with exogenous expression of indicated genes. A and B.
Migration statistics and representative pictures for GBM-1 cells transfected with indicated genes through Matrigel-
free chamber experiment. C and D. Invasion statistics and representative pictures for GBM-1 cells transfected with
indicated genes through Matrigel-based chamber experiment. The data are shown as mean + SD, *P < 0.05 vs. EV,
**P < 0.01vs. EV, n = 3 per group. E. Geneset enrichment assay of PDGFRB"e"/TGFBR2"e" versus PDGFRB"¢"/TGF-
BR2" in GO_CELLULAR_EXTRAVASATION geneset. F. Geneset enrichment assay of PDGFRB"e"/TGFBR2"e" versus
PDGFRB"&"/TGFBR2"" in ANASTASSIOU_MULTICANCER_INVASIVENESS_SIGNATURE geneset. EV: empty vector; RA:
PDGFRA; I1R: IGF1R; EB3: ERBB3; RB: PDGFRB; TR2: TGFBR2; FR1: FGFR1.

respectively (Figure 5A and 5B). Additionally,
co-expression of PDGFRB with TGFBR2 also
significantly promoted the migration and inva-
sion of GBM-1 cells (Figure 5C and 5D).
Interestingly, we observed that among the
three combinations, PDGFRB and TGFBR2
exhibited the strongest promoting effect on
migration and invasion. In accordance with this
observation, GSEA [40, 41] on TCGA_GBM
database further confirmed that concurrent
upregulation of both PDGFRB and TGFBR2 dra-
matically enriched the genes responsible for
cell migration and invasion in the context of
GO_CELLULAR_EXTRAVASATION geneset (Ac-
cession G0:0045123) (Figure 5E) and ANAS-
TASSIOU_MULTICANCER_INVASIVENESS _
SIGNATURE geneset [42] (Figure 5F). Thus, co-
expression of PDGFR with ERBB3, IGF1R, or
TGFBR2 played positive roles for the migration
and invasion of GBM cells.

Simultaneous inhibition of PDGFR and IGF1R
or ERBB3 potently dampened the growth of
GBM cells

It has been known that proneural subtype of
GBM is featured with PDGFRA overexpression
and insensitive to radio-chemotherapy in com-
parison with other subtypes [5, 6]. Although
PDGFRA is considered as a therapeutic target
for proneural GBM, PDGFRAI did not produce
benefit for the patients in clinical trials, at least
partially, due to the resistance to PDGFRAI [17-
19, 43]. Our data revealed that the ERBB3 and
IGF1R were interacted with PDGFRA and con-
tributed to PDGFRI resistance, and we specu-
lated that combination of Imatinib with ERBB3
inhibitor (Sapitinib) or IGFA1R inhibitor (AZD-
3463) would have more potent inhibitory
effects on the growth of GBM cells than appli-
cation of each inhibitor alone. To test this
hypothesis, we examined whether the combina-
tion of Imatinib with Sapitinib or AZD3463
could effectively reverse the Imatinib resis-
tance. We first performed growth assays using
AZD3463 (Figure 6A and 6B) or Sapitinib
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(Figure 6C and 6D) and found that 2 uM
AZD3463 or 20 uM Sapitinib did not show high
cytotoxicity on cell growth (Figure 6A-D) and
were appropriate to test combination with
Imatinib. Western data showed that Imatinib
(10 uM) treatment eliminated the activation of
AKT in PDGFRA overexpression cells (Figure
6E), while overexpression of PDGFRA with
IGFA1R or ERBB3 maintained the activation of
AKT under the existence of Imatinib (Figure
6E). As expected, combination of Imatinib (10
uM) with AZD3463 (2 uM) or Sapitinib (20 uM)
effectively blocked the activation of AKT (Figure
6E). Growth assay from two GBM cell lines fur-
ther showed that application of Imatinib,
AZD3463, or Sapitinib alone partially reduced
the cell growth, but combination of Imatinib
with AZD3463 or Sapitinib almost complete-
ly inhibited the cell growth (Figure 7A-D).
Interestingly, analysis on TCGA database sug-
gested that both PDGFRA and ERBB3 were
highly expressed in proneural-subtype GBM
compared with classical- and mesenchymal-
subtype GBM, but the expression of IGF1R was
similar in all three subtypes of GBM (Figure 7E).
Through GSEA on TCGA_GBM database and
using geneset of MAHADEVAN_IMATINIB_
RESISTANCE [44] as background, we found
that the genes upregulated in Imatinib-resis-
tant cells were significantly enriched in GBM
samples with PDGFRA"&"/ERBB3"¢" versus
PDGFRA"Me"/ERBB3" (Figure 7F), which strong-
ly supported the participation of ERBB3 in
Imatinib resistance. Therefore, the combina-
tion of inhibitors targeting PDGFR and related-
RTKs was a novel strategy to suppress high-
PDGFR GBM cells, and in particular, PDGFRA
and ERBB3 were hopeful therapeutic targets
for proneural GBM.

The correlations of PDGFR with ERBB3, IGF1R,
and TGFBR2 were confirmed in human GBM
tissues

The cellular analysis showed expression and
function correlations of PDGFRA with ERBB3,
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Figure 6. Treatments using AZD-
3463 or Sapitinib in GBM cells.
A. IC,, calculation of AZD3463 in
GBM cells transfected with RA +
I11R. B. Growth curves of GBM cells
transfected with RA + I1R under
treatment of AZD3463 with dif-
ferent concentrations from O to
4 days. C. IC,, calculation of Sa-
pitinib in GBM cells transfected
with RA + EB3. D. Growth curves
of GBM cells transfected with RA +
EB3 under treatment of Sapitinib
with different concentrations from
0 to 4 days. E. Western blot assay
of GBM-1 cells with exogenous ex-
pression of indicated genes under
treatment of vehicle (-), single in-
hibitor (+) or combination of inhibi-
tors (+). Single inhibitor: A3463
2 uM, SAP 20 uM, IMA 15 uM;
Combination of inhibitors: A3463
2 uM, SAP 20 uM, IMA 10 pM. RA:
PDGFRA; I11R: IGF1R; EB3: ERBB3.
Actin (B-actin) is used as loading
control.

PDGFRA with IGF1R, and
PDGFRB with TGFBR2 in GBM
cells, which promoted us to
evaluate their expressions in a
cohort containing 66 human
GBM tissues (Cohort-66) (Tab-
le 1) through IHC. For scoring
the IHC staining, five images of
each sample were taken and
the average integrated optical
density (I0D) was measured by
image pro plus 6.0 software.
Immunostaining on successive
slides (Figure 8A) clearly sh-
owed positive correlations of
PDGFRA with ERBB3, PDGFRA
with IGF1R, and PDGFRB with
TGFBR2 (Figure 8B). To assess
the prognostic significance of
IGFA1R or ERBB3 in the context
of high PDGFRA expression
and TGFBR2 in the context of
high PDGFRB expression, we
used quartile of all 10D values
as cutoff to define high and low
expressions of interested pro-
teins (Figure 9A). Kaplan-Meier
survival analysis showed that
in the context of high PDGFRA
expression (PDGFRA"e"), high
ERBB3 expression (ERBB3M"e")
predicted poor survival in com-

Am J Cancer Res 2018;8(5):792-809



RTKs involved in resistance to PDGFR inhibitor

A GBM-1/RA+I1R GBM-1/RA+1R B
25+
2 - ntrol
T:;1g. = 334})3 8,1‘5
> = |MA * £
[a) = IMA+A3463 S10
Q13 o *
2 * 2 *
o 71 205
[F] @
*% o
x| gao ik
0 1 2 3 4 5 Y QD
Days 006‘@?'9‘ \“;‘;p“
&?‘
c LN229/RA+I1R LN229/RA+I1R D
25+
1] - ntrol
2 .1 = R9KS o'
> = |MA £
a | = IMA+A3463 * £,
O 13 o -
2 r 2 *
w7 _‘2‘05
o *% © -
“ 1 | S K — £o.o
0o 1 2 3 4 5 S QD
Days S \‘:‘,:b"‘
\Q‘Y‘
E PDGFRA
10
o
| =4
2
3 8
o
[=%
>
()]
<
zZ
[
£

Relative OD value

Relative OD value

> > >
& &
C}'go & Q@Q epé\ Q\é\
“\06.? \‘@9
Subtype Subtype Subtype

GBM-1/RA+EB3 GBM-1/RA+EB3

S

-~ Control o5
1¢] = SAP =
= IMA * &

= IMA+SAP 51,
134 e}
L

74 * 2o

*% *k

13 ©

o4
-
(8]
w
B
v

> R R
Days T F
) @Y"
N
LN229/RA+EB3 LN229/RA+EB3
254
- 1.5
] = g .
= [MA
= IMA+SAP * 1.0

o
w

Relative fold chan

*% e
11 e 0.0
0o 1 2 3 4 5 > L R
O
Days & & \\:59’?\
2 ®

F MAHADEVAN_IMATINIB_RESISTANCE_UP
.6 1

Enrichment Score
o o ©
n N

S
N o

L

RAhish /EB3high RAhigh/EB3low

Enrichment Score 0.560536
Normalized Enrichment Score 1.456274

Nominal p-value 0.03125
FDR g-value 0.03125
FWER p-Value 0.02

Figure 7. Cell growth assay of GBM cells under treatment of inhibitors. A. Cell growth assay of GBM-1 cells with ex-
ogenous expression of RA plus I1R under indicated treatment. B. Cell growth assay of GBM-1 cells with exogenous
expression of RA plus EB3 under indicated treatment. C. Cell growth assay of LN229 cells with exogenous expres-
sion of RA plus I1R under indicated treatment. D. Cell growth assay of LN229 cells with exogenous expression of RA
plus EB3 under indicated treatment. Single inhibitor: A3463 2 uM, SAP 20 uM, IMA 15 uM; Combination of inhibi-
tors: A3463 2 uM, SAP 20 uM, IMA 10 uM. The data are shown as mean * SD, *P < 0.01 vs. control, **P < 0.001
vs. control, n = 3 per group. E. Box-plots showing the level of PDGFRA, ERBB3, and IGF1R in patients with different
molecular classifications using TCGA_GBM database. F. Geneset enrichment assay of PDGFRA"e"/ERBB3"e" versus
PDGFRA"e"/ERBB3" in MAHADEVAN_IMATINIB_RESISTANCE geneset using samples in TCGA_GBM database.

parison with low ERBB3 expression (ERBB3")
(i.e. PDGFRAMe"/ERBB3"e" versus PDGFRAMe"/
ERBB3"", P = 0.015) (Figure 9C). However,
no survival correlations were observed for
PDGFRAM&"/IGF1R"e" versus PDGFRA"M&"/IGF-
1R"*v (P = 0.8212) (Figure 9B) or PDGFRB"e"/
TGFBR2"e" versus PDGFRB"e"/TGFBR2"" (P =
0.8477) (Figure 9D). Hence, the analysis on
human GBM tissues confirmed the correlations
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of PDGFR with ERBB3, IGF1R, TGFBR2, and
moreover, emphasized ERBB3 as an indicator
of poor prognosis for GBM patients with high
PDGFRA expression.

Discussion

In this work, we reported ERBB3, IGF1R, and
TGFBR2 concurrently expressed with PDGFR in
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Figure 8. Correlation analysis between the expression of PDGFR with IGFA1R, ERBB3, or TGFBR2 in human GBM tis-
sues. A. Representative immunohistochemical images for PDGFRA/IGF1R, PDGFRA/ERBB3, and PDGFRB/TGFBR2
in successive slides of human GBM tissues, respectively. Scale bar = 100 um (original image) and 50 um (inset). B.
Pearson correlation analysis of indicated proteins in the cohort containing 66 human GBM patients.

A MR high 1R low  Total
RA high 9 8 17
RA low 8 41 49
Total 17 49 66

EB3 high EB3 low Total
RAhigh 10 7 17
RA low 7 42 49
Total 17 49 66

TR2 high TR2 low  Total
RB high 11 6 17
RB low 6 42 49
Total 17 49 66

Cc Kaplan-Meier estimator survival analysis

100%{——— — RAMEB3 (n=7)

75%

iving

50%4

Surv

25%

l} P =0.0015
0

RAMIVEB3"IN (n=10)

0 10 20
Survival time (Months)

30

Surviving

B Kaplan-Meier estimator survival analysis
— RAM1R"" (n=9)
100%1 — RAMSVIR¥ (n=8)
275% —/
=
S 50%
3
é 1
25%: P=0.8212
0 r . . .
0 5 10 15 20
Survival time (Months)
D Kaplan-Meier estimator survival analysis

— RBMIVTR2MI (n=11)

100%- — RB"/TR2'% (n=6)

75%

50%1

25%-

0 10 20 30 40
Survival time (Months)

Figure 9. Survival analysis of IGF1R, ERBB3, and TGFBR2 in the context of high PDGFR expression in human GBM
tissues. (A) Protein expression intensity above and below the quartile of all samples were categorized as high and
low, respectively. (B-D) Kaplan-Meier curves of overall survival rate for GBM patients with PDGFRAMe"/|GF1R"e
versus PDGFRA"&"/IGF1R"" (B), PDGFRA"¢"/ERBB3"e" versus PDGFRA"e"/ERBB3"" (C), and PDGFRB"e"/TGFBR2"e"

versus PDGFRB"¢"/TGFBR2"* (D).

glioma, including GBM, through analysis on
TCGA database and a cohort of GBM patients.
Further experiments revealed novel interac-
tions between PDGFRA with ERBB3 or IGF1R,
and between PDGFRB and TGFBR2. Moreover,
co-expression of PDGFRA with ERBB3, PDGFRA
with IGF1R, or PDGFRB with TGFBR2 not only
enhanced the Imatinib tolerance but also pro-
moted the migration and invasion in GBM cells.

It has been well-known that RTKs pivotally mod-
ulate important pathological properties of
tumor cells, such as proliferation, resistance to
apoptosis, and cell motility. Aberrant activation
of RTKs has been linked to the initiation, main-
tenance, and progression of many different
tumor types including GBM [45-47]. A wide
range of inhibitors targeting RTKs, also known
as tyrosine kinase inhibitors (TKI), has been
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tested in gliomas [4-6]. These inhibitors, pre-
dominantly targeting PDGFR and EGFR, showed
preclinical benefit, but finally failed with insuffi-
cient therapeutic efficacy. For example, Imatinib
showed promising anti-tumor activities in pre-
clinical studies but could not lead to survival
improvement in patients with recurrent GBM,
partially due to the resistance to the inhibitors
[15, 16]. One of the mechanisms underlying the
resistance is the activation of alternative RTKs,
and thereby, simultaneous inhibition of the
originally targeted RTK and the alternative
RTKs could attenuate, even eliminate, the
resistance and suppress the tumor growth. Our
work herein revealed ERBB3, IGF1R, and
TGFBR2 as alternative RTKs related with
PDGFR. Moreover, we treated the GBM cells
using the combination of Imatinib with ERBB3
inhibitor or IGF1R inhibitor, and indeed
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observed that the combination almost com-
pletely repressed the growth of GBM cells,
which confirmed that the alternative RTKs were
functionally involved in the PDGFRI resistance.

Actually, ERBB3, IGF1R, and TGFBR2 have also
been reported to function in GBM. For example,
ERBB3 is coordinated with other ERBB mem-
bers to promote growth of GBM cells [27], and
also plays a role in the resistance to EGFR-
targeted therapy for GBM [48]. IGF1R plays
important roles in the development and pro-
gression of GBM [28, 49], and has been found
to participate in the resistance to EGFR and
PDGFR-targeted treatment [29, 30]. In addi-
tion, TGFBR2 is a mediator for TGF-B-induced
signaling pathway in GBM and functions as
oncogene in glioma cells as well as glioma stem
cells [31, 32, 50]. Accordingly, our data linked
these RTKs with PDGFR and expanded the net-
work of RTKs in GBM.

Transcriptomic analysis classified GBM into
four clinically relevant subtypes: proneural,
neural, classical, and mesenchymal, and each
of these subtypes is defined by a specific
molecular signature [5]. For example, proneu-
ral GBM is featured with overexpression of
PDGFRA and enhanced activation of PDGF/
PDGFR signaling pathway [5, 6]. Interestingly,
proneural GBM is insensitive to radio- and che-
mo-therapy in comparison with other subtypes
[5, 6], which implies that PDGFRA is a hopeful
drug target in proneural GBM. Our work indicat-
ed that ERBB3 was tightly correlated and inter-
acted with PDGFRA, and moreover, ERBB3 was
identified as an indicator for poor survival in
GBM patients with high PDGFRA expression.
Intriguingly, simultaneous inhibition of PDGFRA
and ERBB3 showed potent inhibitory effects on
cell growth, which emphasized that inhibitors
targeting PDGFRA and ERBB3 might act as a
novel independent regimen or adjuvant agents
for standard treatment in proneural GBM.

Altogether, this study identified candidate RTKs
responsible for the development of PDGFRI
resistance via a TCGA database-based analy-
sis, which we thought might be applicable to
other RTK inhibitors. Clinical data further
emphasized that PDGFRA"e"/ERBB3"e" predict-
ed poor prognosis for GBM patients. Moreover,
the identification of PDGFRi-related alternative
RTKs, i.e. ERBB3, IGF1R, and TGFBR2, not only
provided new insights on PDGF/PDGFR signal-
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ing pathway, but also implied novel combina-
tion targets for PDGFRi-based therapy in GBM,
especially in proneural subtype.
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