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Introduction

ERBB3/HER3 is a member of the EGF receptor protein
tyrosine kinase family, which includes EGFR/ERBB1/HER1,
ERBB2/HER2, ERBB3/HER3, and ERBB4/HER4."> Recent
large-scale genomic sequencing identified ERBB3 mutations
in colon, gastric,® gallbladder,* and cervical cancers.’ The
EGFR family proteins have similar domain structures,
including extracellular ligand-binding, transmembrane, and
intracellular protein tyrosine kinase domains.® However,
unlike the other family members, the ERBB3 kinase domain
has a mutation in the HRD catalytic motif and is thus
thought to be a pseudokinase with no or very low tyrosine
kinase activity.” However, Shi and colleagues found that the
pseudokinase domain of ERBB3 has a high binding affinity to
ATP.% The lysine residue 740 (K740) in the Val-Ala-lle-Lys
(VAIK) motif in the pseudokinase domain interacts with the
a and b phosphates of ATP, anchors, and orients the ATP.
They showed that the ERBB3 K740M mutant abrogated its
binding to ATP. Here, we report that the ATP-binding ac-
tivity of ERBB3 plays a critical role in colorectal
tumorigenesis.

The immune checkpoint inhibitors have revolutionized
cancer therapy.’ Tumors can suppress immune responses
through increased expression of PD-L1, which binds to PD1
on cytotoxic T cells, inhibiting their function.” Therapeutic
antibodies against PD1, PD-L1, or CTLA4, which are cate-
gorically called immune checkpoint inhibitors, have been
approved by the FDA to treat a variety of human cancers.’
However, only a fraction of cancer patients respond to
immune checkpoint inhibitors. High levels of PD-L1
expression in tumors are correlated with immune check-
point therapy in lung cancers.'® Here we show that ERBB3
mutant colorectal cancers (CRCs) express a higher level of
PD-L1 than ERBB3 WT CRCs. It is well-documented that PD-
L1 expression is up-regulated by IFN-y through the JAK-
STAT signaling axis. We demonstrate here that IFN-y in-
duces PD-L1 expression in CRCs through the ERBB3-IRS-
PI3K-PDK1-RSK-CREB signaling axis. ERBB3 E928G mutation
is the most frequent recurrent mutation located in the
pseudokinase domain (COSMIC database), which has been
shown to be oncogenic.® We demonstrate here that knockin
of the ERBB3 E928G oncogenic mutation into mouse colon
cancer cell lines sensitizes them to anti-PD1 antibody
treatment, suggesting that Erbb3 mutation could be a
predictive biomarker for the identification of patients who
respond to immune checkpoint inhibitors.

Materials and methods

Key resources are listed in Table S1. All animal experi-
ments were performed in accordance with protocols
approved by the IACUC committee at Case Western
Reserve University.

3+/K740M mutant mice

Generation of Erbb
Fertilized eggs from the C57Bl/6J X SJL/J F1 mice were
injected with a mixture of Cas9 protein, sgRNA, and a 100
bp single-stranded DNA oligo. The repair oligo was designed
to mutate lysine 740 to methionine, and destroy the PAM
sequence with a synonymous mutation (Fig. 1). The K740M
mutation deletes the Msel site, which was used to genotype
founder animals. The knockin allele was confirmed by
Sanger sequencing. Correctly targeted founder animals
were genotyped using the Jackson Laboratory SNP genome
scanning. A founder mouse with two alleles of C57Bl/6J
chromosome 10, where the Erbb3 gene is located, was
backcrossed with C57Bl/6J mice for two generations. The
Erbb3*/X74 mice were then crossed to generate Erbb3*/™,
Erbb3*/%740M " and Erbb3X740M /K740M littermates for the
experiments.

AOM plus DSS treatment

The AOM-DSS treatment was performed as described pre-
viously."" Eight-week-old mice received a single intraperi-
toneal injection of 10 mg/kg body weight of azoxymethane
(AOM) (Sigma—Aldrich, St Louis, MO, USA). One week later,
the mice were treated with 2% dextran sulfate sodium (DSS
Salt Reagent Grade MW 36,000—50,000, MP Biomedicals,
USA) in drinking water for 7 days, followed by 10 days of
usual drinking water. This DSS cycle was repeated twice.
The animals were sacrificed after 53 days. Colons were
removed, rinsed with PBS to remove fecal matter, sliced
open longitudinally, and analyzed for the presence of tu-
mors. Colons were fixed in 10% formalin overnight to
perform histological staining after paraffin embedding.

Cdx2p-CreERT2 Apc'o®/1o*P model

The Cdx2P-CreER™ APC'P’'P model was described pre-
viously.'? Two-to-three-month-old mice with the following
genotypes Cdx2P-CreER™ APC'9%P/'%P Erpb3+/*  Cdx2P-
CreER™ APC!OP/loxp Erpp3+/ K740M  and  Cdx2P-CreER'™
APC'OXP/10XP Fp53K740M/ K740M \yare jnjected intraperitone-
ally with 100 mg/kg body weight of tamoxifen (Sigma-
—Aldrich) dissolved in corn oil (Sigma—Aldrich) per day for
three consecutive days. The mice were sacrificed 42 days
after the tamoxifen injection, and the tumor number was
counted.

Tissue culture

Human colorectal cancer cell lines DLD1, HCT116, LOVO,
HT29, SW480, RKO, and genetically engineered CRC cell
lines were cultured in McCoy’s 5A medium with 10% fetal
bovine serum (FBS). Mouse colon cancer cell line CT26 was
cultured in RPMI-1640 plus 10% of FBS. MC38 cells and
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Figure 1  ERBB3 ATP-binding mutant reduces tumor growth. (A) Generation of ERBB3 K740M mutant knockin mice using CRISPR/
Cas 9-mediated recombination. Schematic of the strategy used to generate Erbb3 K740M mutant mice. The ATP-binding lysine (K)
residue was mutated to methionine (highlighted in red). The targeting oligo was designed to change the Msel restriction site for
genotyping mice and a synonymous mutation to destroy the PAM sequence (highlighted in blue). Arrow indicates the Cas9 cutting
site. (B) Genomic DNA of Erbb3*/* and Erbb3X740M/K740M ice were sequenced to confirm the generation of the desired mutation.
(C—E) Erbb3K740M/K740M ytant knockin (K1) mice have reduced tumor numbers in the AOM-DSS-induced colon tumor model. Colon
lysates from Erbb3*/* and Erbb3K74OMWK740M |jttermates were blotted with the indicated antibodies (C). Littermate mice of Erbb3*”
+(n = 14), Erbb3*/%742M (n = 15), and Erbb3K740M/K740M (5 — 13) genotypes were treated with AOM and DSS. The gross morphology
of the colons from mice of the indicated genotypes is shown in (D), and the number of tumors developed in each mouse is shown in
(E). (F) Erbb3X74OM/K740M 1y itant mice have reduced tumor numbers in the Cdx2p-CreER™.

human embryonic kidney HEK293 cells were maintained in
DMEM with 10% FBS. Mammalian cells were transfected with
lipofectamine 3000 according to the manufacturer’s in-
structions (Invitrogen). Cell proliferation was assayed using
the Cell Counting Kit-8, which quantifies the number of
viable cells (Dojindo Molecular Technologies, Rockville,

and Sal | restriction enzyme. Primers used in this study are
listed in Table S2.

Gene targeting of cell lines

Targeting vectors were constructed with the USER system,

MD). The tissue culture cell lines are routinely checked for
mycoplasma contamination.

Plasmid construction

The cDNA of ERBB3 was purchased from Addgene. The full-
length ERBB3 was inserted into PCMV-3Tag1A using EcoR V

and targeted cells were generated as described previ-
ously."® Briefly, homologous arms were PCR-amplified from
human genomic DNA using HiFi Taq (Invitrogen) and inser-
ted into the ZV37 vector. The mutations were introduced by
site-directed mutagenesis and validated by sequencing.
The gRNA constructs were made by inserting the DNA se-
quences encoding gRNA into the px330 vector. The gRNA
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construct and the targeting vector were transfected into
the target cells using lipofectamine 3000. G418-resistant
clones were selected for PCR screening. Targeted clones
were genotyped by PCR and sequencing. Primers for tar-
geting vector construction and PCR screening are listed in
Table S3.

Colony and focus formation in soft agar

The colony formation was described previously.' Briefly,
cell lines were plated into 6-well plates at 400 cells per
well. Cells were grown for 14 days before staining with
crystal violet (Sigma, St. Louis, MO). For the soft agar assay,
cell lines were plated at 5,000 cells/mL in top plugs con-
sisting of 0.4% SeaPlaque agarose (FMC Bioproducts, Rock-
land, ME) and McCoy’s 5A medium. After 30 days, the
colonies were photographed and counted.

Xenografts

For DLD1 and LOVO cells, two million cells were injected
subcutaneously and bilaterally into the flanks of 4-to-6-
week-old female athymic nude mice as described."® Tumor
volume was measured with electronic calipers, and vol-
umes were calculated as length x width?/2.

For CT26 and MC38 cells, 2 x 10° of WT or E928G mutant
cells were injected into the flanks of 6-week-old C57BL/6 or
BALB/c female mice (Jackson Lab, ME). Tumor sizes were
measured every three days by caliper after implantation,
and tumor volume was calculated as length x width? x 0.5.
On day 7 after tumor cells were injected, animals were
pooled and randomly divided into two groups with compa-
rable average tumor sizes. Mice were grouped for control
antibody treatment, PD-1 mAb treatment, and antibody
treatments. Each treatment was administered through
intraperitoneal injection (200 pg/mouse in 200 uL PBS)
every three days for a total of 8 injections.

Immunoblotting

Cells were lysed in buffer containing 50 mM Tris pH 7.4,
150 mM NaCl, 5 mM EDTA, 0.5% NP40, 1 mM PMSF, and the
complete protease inhibitor cocktail (Roche), supple-
mented with phosphatase inhibitors (1 mM NasVO,4, 10 mM
NaF, 0.1 mM B-glycerophosphate, 20 mM sodium pyrophos-
phate). Equal amounts of protein were resolved by SDS-
PAGE and immunoblotted with indicated antibodies. For
global phospho-Ser/Thr/Tyr analyses, cells were lysed in
2 x SDS loading buffer containing 200 mM DTT and 4% SDS,
1 mM NasVO,, 20 mM NaF, 0.1 mM B-glycerophosphate, and
20 mM sodium pyrophosphate. Lysates were sonicated for
5—10 s and then centrifuged at 14,000 rpm for 10 min.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as
described previously.'® Ten million DLD1 cells were treated
with 100 ng/mL IFN-y overnight and then cross-linked with
1% formaldehyde for 10 min at room temperature, followed
by glycine termination. Cells were lysed in 0.5 mL nuclear
lysis buffer (50 mM Tris—HCL, pH8.0, 10 mM EDTA, 0.5% SDS)

and subjected to sonication. Two hundred pL of the soni-
cated nuclear lysate was diluted in 800 uL dilution buffer
(20 mM Tris—HCL, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100) and incubated with normal 1gG or anti-CREB anti-
body overnight, followed by incubating with Protein A
conjugated magnetic beads for 2 h at 4°C. The samples
were washed with RIPA buffer (20 mM Tris—HCl, pH8.0,
150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS) 8
times, washing buffer (20 mM Tris—HCl, pH 8.0, 500 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS) twice, and TE
buffer (10 mM Tris—HCL, pH 8.0, 1 mM EDTA) twice. The IP
products were eluted with 200 pL elution buffer (1% SDS,
0.1 M NaHCO3) followed by reverse cross-linked chromatin
at 65°C overnight. After being treated with proteinase K
(0.3 pg/uL) at 37°C for 2 h, DNAs were purified using the
PCR purification kit (Qiagen). Purified DNA was used for
quantitative PCR analyses and was normalized to 1% input
chromatin.

Real-time PCR

Cultured cells were disrupted in lysis buffer from the
RNeasy Mini Kit (Qiagen), and total RNA was purified
following the manufacturer’s instructions. cDNA was syn-
thesized using the Transcriptor First Strand cDNA Synthesis
Kit (Roche). Then iTaqTM Universal SYBR® Green Supermix
(Bio-rad) was employed to perform quantitative PCR on a
CFX ConnectTM Real-Time PCR Detection System (Bio-rad).
Gene expressions were determined using the 2°2ACt
method, normalizing to housekeeping genes Actin. The
primers used were listed in Table S3.

RNA interference

Interfering RNAs (siRNA) targeting JAK1, JAK2, IRS1, PDK1,
RSK1, RSK2, RSK3, CREB, and its appropriate non-silencing
control were synthesized by Integrated DNA Technologies
IDT. The siRNAs were transfected into cells using Lipofect-
amine 3000 with siRNA (10 nmol/L final concentration) in
Opti-MEM. After 48 h, cells were treated with 100 ng/mL
IFN-y before harvest.

Luciferase reporter assay

The human PDL1 promoter fragment was amplified from the
genomic DNA of DLD1 cells using Pfu polymerase (Agilent)
and cloned into a pGL3-Basic luciferase reporter vector and
confirmed by sequencing. Luciferase reporter assays were
performed in DLD1, and LOVO cells using the Dual-Lucif-
erase Reporter Assay System (Promega) according to the
manufacturer’s instructions. Luciferase activity was
measured using the GloMax-Multi Microplate Reader
(Promega).

Quantification and statistical analysis

GraphPad Prism software was used to create the graphs.
Data are plotted as mean =+ standard error of the mean. We
applied the t-test to compare the means between the two
groups, assuming unequal variances. For xenograft growth,
we carried out ANOVA for repeated measurements to test
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whether there was an overall difference in the tumor sizes
by testing group differences, as well as whether there was a
difference in the development of tumor sizes over time
between the two groups by testing the interaction between
time and group.

Results

ERBB3 kinase inactivation reduces tumorigenicity
in mice

Given that the ERBB3 pseudokinase has a high binding af-
finity to ATP and that ERBB3 is mutated in CRCs,>® we set
out to interrogate the role of the pseudokinase domain in
colorectal tumorigenesis. To this end, we generated ERBB3
K740M, which was reported to reduce its ATP binding abil-
ity,® mutant KI mice using CRISPR/Cas9 genome editing
(Fig. 1A, B). While ERBB3 null mice are recessive embryonic
lethal,'”""® Erbb3K74OM/K740M mice are viable and fertile with
no obvious developmental defects. The K740M mutation did
not affect ERBB3 protein levels in the colons of mice
(Fig. 1C). We then treated Erbb3WT/WT Erbb3WT/K740M
Erbb3X74OM/K740M |ittermate mice with AOM and DSS. As
shown in Figure 1D, E, and S1A, Erbb3X74OM/K740M rpnjce
developed significantly fewer colon tumors compared to
the WT mice.

We next examine how the Erbb3 kinase-inactivating
mutant impacts colon tumorigenesis in a carcinogen-inde-
pendent model. To this end, we crossed Erbb3WT/K740M mjce
into the Cdx2p-CreER™ Apc™*/1°X genetic background, and
tumors were induced by conditional inactivation of the Apc
gene in the colon through a Cdx2p-driven Cre transgene. As
shown in Figure 1F and S1B, Erbb3K740M/K740M mjce form
significantly fewer tumors than Erbb3"T/%T mice. Notably,
Erbb3WT/K740M heterozygous mice also showed a trend of
reduced tumor numbers (Fig. 1E, F). Taken together, the
data suggest that the ATP-binding activity of ERBB3 plays an
oncogenic role in colon tumorigenesis.

ERBB3 K742M ATP-binding mutation impairs the
tumorigenicity of human colorectal cancer cells

To determine if the ERBB3 ATP-binding site mutant impacts
the tumorigenicity of human CRCs, we knocked in (KI) the
K742M (equivalent to mouse K740M) mutation in CRC cell
lines using CRISPR/Cas9 genome editing. We chose DLD1
and LOVO cell lines because they express relatively high
levels of ERBB3 (Fig. S2A). Of 76 G418-resistant DLD1 clones
and 100 LOVO clones, 3 homozygous Kl clones were iden-
tified in DLD1 and 2 in LOVO (Fig. 2A). We chose two clones
from each of the two cell lines for in-depth characteriza-
tion. As shown in Figure S2B, the K742M mutation did not
affect the levels of ERBB3 protein. To ensure that the
observed phenotypes of the Kl clones are due to the
mutated pseudokinase domain, we reconstituted the Ki
clones with Flag-tagged wild-type ERBB3 (Fig. 2B, C).
Compared to their parental cells, ERBB3 K742M mutant
Kl clones derived from both DLD1 and LOVO grew slower in
tissue culture (Fig. S2C, D) and formed fewer colonies in a
colony-forming assay (Fig. S2E, F). Moreover, the mutant
cell clones formed fewer soft-agar foci compared to the

parental cells (Fig. S2G, H), whereas the reconstitution of
WT ERBB3 largely restored the deficiency in anchorage-in-
dependent growth (Fig. S2G, H). Interestingly, compared to
the parental cells, the DLD1 ERBB3 Kl clones grew signifi-
cantly slower as xenograft tumors (Fig. 2D, E), whereas the
LOVO ERBB3 Kl clones failed to form xenograft tumors
(Fig. 2F, G). Nonetheless, the WT ERBB3 reconstituted cells
largely rescued these defects (Fig. 2D—G). Together, these
data suggest that the ERBB3 pseudokinase promotes colo-
rectal tumorigenesis.

ERBB3 ATP-binding mutant CRCs impair IFN-y-
induced PD-L1 expression

It has been reported recently that overexpression of ERBB3
tumor-derived mutations in gallbladder cancer cells resul-
ted in the up-regulation of PD-L1 RNA expression.'® We thus
mined the TCGA colorectal adenocarcinoma dataset (Pan-
Cancer Atlas) to determine if CRCs harboring ERBB3 muta-
tions express higher levels of PD-L1. As shown in Figure 3A,
ERBB3 mutant CRCs express significantly higher levels of
PD-L1 than ERBB3 WT CRCs.

We next set out to determine if the ERBB3 ATP-binding
activity modulates PD-L1 expression. Given that interferon-
v (IFN-y) is a major cytokine that stimulates PD-L1
expression in cancer cells, we treated DLD1 and LOVO
ERBB3 kinase-inactivating mutant (K742M) Kl clones and
their corresponding parental (WT) cells with or without IFN-
v. As shown in Figure 3B and C, IFN-y induced PD-L1 protein
expression in both DLD1 and LOVO parental cells. However,
the induction of PD-L1 by IFN-y was much reduced in the
DLD1 and LOVO K742M Kl clones (Fig. 3B, C). Reconstitution
of WT ERBB3 restores IFN-y induced PD-L1 protein expres-
sion (Fig. S3A). Moreover, IFN-y induced over 30-fold PD-L1
mRNA expression in both DLD1 and LOVO parental cells
(Fig. 3D, E), whereas the induction of PD-L1 gene expres-
sion was greatly reduced in the ERBB3 kinase-inactivating
mutant Kl clones (Fig. 3D, E). Together, these data
demonstrate that the ERBB3 pseudokinase modulates IFN-
v-mediated signaling pathway(s) that activates PD-L1 gene
expression.

ERBB3 kinase regulates PD-L1 expression through
the IRS1-PI3K-PDK1-RSK signaling axis

It is well documented that IFN-y induces PD-L1 expression
through the STAT signaling pathways,?® we thus examined if
the ERBB3 K742M mutant impacted the phosphorylation of
the STAT proteins. As shown in Figure S3B, the ERBB3 K742M
ATP-binding mutant did not affect IFN-y-activated STAT1,
STAT3, and STATS5 phosphorylation in DLD1 cells, whereas
the other STAT proteins are not expressed in colon cancer
cells. Moreover, the ERBB3 K742M mutant did not affect
IFN-y-induced Erk activation (Fig. S3B).

Given that ERBB3 binds to IRS1,”" we examined IRS1
knockout DLD1 cells'® and found IRS1 knockout attenuated
IFN-y-induced PD-L1 expression (Fig. 3F). Consistently, IRS1
knockdown in LOVO cells also reduced IFN-y-induced PD-L1
expression (Fig. S3C). Because PI3K is downstream of IRS1,
we next examined whether inhibition of PI3K reduced IFN-
v-induced PD-L1 expression. As shown in Figure S3D and E,
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Figure 2 ERBB3 ATP-binding mutant human CRCs reduce tumorigenicity in xenograft models. (A) Generation of ERBB3 K742M
mutant knockin (KI) clones. DLD1 and LOVO CRC cell lines were targeted with CRISPR/Cas 9-mediated recombination. The parental
cells and homozygous Kl clones were sequenced to confirm the generation of the desired mutation. KI-1 and KI-2 are two inde-
pendently-derived homozygous Kl clones. (B, C) The ERBB3 K742M mutation does not affect ERBB3 protein expression. Cell lysates
from the indicated cell lines were blotted with antibodies against either ERBB3 or Actin. (D—G) The indicated cells were injected
subcutaneously and bilaterally into nude mice (5/group). Tumor sizes were measured weekly and the tumors were then harvested
(D, E). The growth curves of the tumors are shown in (F). ANOVA was used for the statistical analyses. Kl: ERBB3 K742M mutant
knockin; Kl recon: the Kl clone reconstituted with WT ERBB3.
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were treated with or without IFN-y for 24 h. Cell lysates were blotted with the indicated antibodies (B, C). PD-L1 mRNA levels were
measured by q-RT-PCR (D, E). *P < 0.05, **P < 0.01, t-test. (F) IRS1 knockout attenuates IFN-y-induced PD-L1 expression. DLD1
parental or IRS1 knockout clones were treated with or without IFN-y. Cell lysates were blotted with the indicated antibodies. (G)
p110a kinase-inactivating mutant attenuates IFN-y-induced PD-L1 expression. DLD1 parental cells and PIK3CA/p110a mutant clones
were treated with or without IFN-y. Cell lysates were blotted with the indicated antibodies. (H) PDK1 knockdown reduces IFN-vy-
induced PD-L1 expression. DLD1 cells were transfected with control or two independent siRNA against PDK1 and then treated with
IFN-v. Cell lysates were blotted with the indicated antibodies. (I, J) RSK knockdown reduces IFN-y-induced PD-L1 expression. DLD1
cells were transfected with the indicated siRNAs and then treated with IFN-y. Cell lysates were blotted with the indicated anti-
bodies. RSK3 knockdown was measured by qRT-PCR because of a lack of specific antibodies. ***P < 0.0001, t-test.
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both p110a« inhibitor BYL-719 and GDC0326 suppressed IFN-
y-induced PD-L1 expression in DLD and LOVO CRC cells in a
dose-dependent manner. Consistently, p110a kinase-inac-
tivating mutant DLD1 cells that we generated previously'*
also attenuated IFN-y-induced PD-L1 expression (Fig. 3G).
Similarly, PDK1 inhibitor BX795 suppressed IFN-y-induced
PD-L1 expression in DLD and LOVO CRC cells in a dose-
dependent manner (Fig. S3F). These results were further
validated by two independent siRNAs against PDK1 (Fig. 3H;
Fig. S3G).

Given that AKT is downstream of IRS-PI3K-PDK1
signaling, we were surprised that the ERBB3 ATP-binding
mutant did not impact IFN-y-induced AKT phosphoryla-
tion (Fig. S3B). Because we and others have shown that
RSK activity is also regulated by the PI3K-PDK1
pathway, “?2 we tested if the ERBB3 kinase-inactivating
mutant affects RSK activation. As shown in Figure S3B,
compared to parental DLD1 cells, IFN-y-induced RSK
phosphorylation is attenuated in the Erbb3 K742M kinase-
inactivating mutant Kl clones. To test if RSK regulates PD-
L1 expression, we treated DLD1 and LOVO CRC cells with
a pan-RSK inhibitor BI-D1870. As shown in Figure S3H, BI-

D1870 inhibited IFN-y-induced PD-L1 expression in a dose-
dependent manner. RSK has four different isoforms:
RSK1, RSK2, RSK3, and RSK4. But RSK4 is not expressed in
DLD1 and LOVO cells. We then tested if the knockdown of
each of them impacted PD-L1 expression. As shown in
Figure 3l, J and S3l, the knockdown of either RSK1 or
RSK2 did not affect IFN-y-induced PD-L1 expression in
DLD1 and LOVO cells. However, the knockdown of RSK3
with two independent siRNA, which also downregulated
RSK1 and RSK2 protein levels (Fig. 31, J; Fig. S31), mark-
edly reduced IFN-y-induced PD-L1 expression in DLD1 and
LOVO cells (Fig. 3l; Fig. S31). Together, these data suggest
that the ERBB3-IRS1-PI3K-PDK-RSK pathway regulates IFN-
v-induced PD-L1 expression in CRCs.

The transcription factor CREB regulates PD-L1
expression

To identify the transcription factor(s) that mediates the
induction of PD-L1 expression by the aforementioned
signaling axis, we examined transcription factors that were
known to be regulated by RSK. As shown in Figure 4A, CREB

A B
_ _ CREB _ CREB ERBB3 WT K742M KI-1 K742M KI-2
siRNA &5 1 2 a 1 2 IFN-y (")0 056 24 0 0.5 6 24 0 0.5 6 24
_J" TR S PCREB S5 SBERES — o — == — = — =
PD-L1 22 -—— CREB /== e e — S——C
Actin . i —0
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ACTN sr—

DLD1

—

LOVO
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ERBB3-IRS1-PI3K-PDK1-RSK-CREB signaling axis regulates IFN-y-induced PD-L1 expression. (A) CREB knockdown reduces

IFN-y-induced PD-L1 expression. (B) IFN-y-induced CREB phosphorylation and CREB protein levels are reduced in ERBB3 kinase-
dead mutant cells. (C) IFN-y-induced CREB phosphorylation and CREB protein levels are reduced in IRS1 knockout cells. (D) IFN-vy-
induced CREB phosphorylation and CREB protein levels are reduced in PIK3CA/p110a kinase-dead mutant cells. (E) PDK1 knock-
down reduces IFN-y-induced CREB phosphorylation and CREB protein levels. (F) Knockdown of RSKs reduces IFN-y-induced CREB

phosphorylation and CREB protein levels.



1710

Y. Li et al.

knockdown drastically reduced IFN-y-induced PD-L1
expression in both DLD1 and LOVO cells, whereas knock-
down of ATF4, CEBPB, or p65 did not reduce IFN-y-induced
PD-L1 expression (Fig. S4A, B). We next examined if the
ERBB3-IRS-PI3K-PDK1-RSK signaling axis modulates CREB.
ERBB3 ATP-binding mutant cells reduced CREB protein
levels and attenuated IFN-y-induced CREB phosphorylation
(Fig. 4B), and so did the IRS1 knockout clones p110a kinase-
inactivating mutant Kl clones (Fig. 4C, D). Moreover, the
knockdown of PDK1 or RSKs reduced CREB protein levels
and attenuated IFN-y-induced CREB phosphorylation
(Fig. 4E, F). These results suggest that the ERBB3-IRS-PI3K-
PDK1-RSK signaling axis transduces the signal from IFN-y to
stabilize and activate CREB-mediated PD-L1 expression.

To determine if CREB binds to the PD-L1 promoter
and directly activates PD-L1 gene expression, we
searched the PD-L1 promoter region and found four
putative CREB binding sites (Fig. 5A). Our chromatin
immunoprecipitation analyses showed that CREB bound
to the first three sites within a 1 KB promoter region of
PD-L1 (Fig. 5B). We thus cloned the 1 KB promoter re-
gion into a luciferase reporter to measure CREB-driven
PD-L1 gene expression. As shown in Figure 5C, over-
expression of CREB increased the reporter activity,
whereas its knockdown in LOVO cells reduced the PD-L1
reporter activity (Fig. 5D). We then transfected the re-
porter into DLD1 and LOVO parental and ERBB3 kinase-
inactivating mutant cells. As shown in Figure 5E and F,
IFN-y induced high levels of luciferase activity in both
DLD1 and LOVO parental cells. However, the reporter
activities were attenuated in the ERBB3 kinase-inacti-
vating mutant cells (Fig. 5E, F). Taken together, the
data suggest that IFN-y activates the ERBB3-IRS-PI3K-
PDK1-RSK-CREB signaling axis to activate PD-L1 gene
expression in CRC cells (Fig. 5G).

Tumor-derived ERBB3 kinase activating mutation
sensitizes colon cancers to immune checkpoint
therapy

Having demonstrated that the ERBB3 pseudokinase regu-
lates PD-L1, we set out to determine if tumor-derived
ERBB3 mutations located in the pseudokinase domain
impact PD-L1 expression and colon cancers’ response to
immune checkpoint therapy. We chose to knock in the
ERBB3 E928G mutation into mouse colon cancer cell lines
because it is the most frequent recurrent mutation
located in the pseudokinase domain (COSMIC database).
We used CRISPR/Cas9 genome editing technology to knock
in the E928G mutation into mouse colon cancer cell lines
CT26 and MC38. At least two independently derived ERBB3
E928G knockin clones were obtained from each cell line by
genomic DNA sequencing analyses (Fig. S5A). The E928G
mutation did not affect its protein levels in both CT26 and
MC38 cell lines (Fig. 6A, B). Nonetheless, IFN-y induced
higher levels of PD-L1 in the ERBB3 E928G mutant knockin
CT26 and MC38 clones than in corresponding parental cells
and an off-target clone (WT), in which ERBB3 alleles
remain WT, but the cell went through the same gene
targeting process (Fig. 6C, D). To test how the E928G

mutant knockin cells respond to immune checkpoint
therapy, we established syngeneic mouse tumor models
with parental cells, off-target clones, and the ERBB3
E928G mutant knockin clones. The mice were treated with
either control 1gG or an anti-PD1 therapeutic antibody.
The parental cells and off-target clones behaved similarly
(Fig. S5B—D). For simplicity, we only show data of the off-
target clone and the ERBB3 E928G mutant knockin clones
in Figure 6E and F. We believe that the off-target clones
are better controls because any unexpected immune re-
sponses caused by the CRISPR/Cas9 gene targeting would
be manifested in the off-target clones. Interestingly, the
anti-PD1 therapeutic antibody exerted greater tumor in-
hibition in the ERBB3 E928G mutant knockin clones than in
the off-target clones (Fig. 6E, F). Notably, PD-L1 levels
were increased in ERBB3 E928G mutant knockin tumors
(Fig. S5E). Together, the data provide compelling evi-
dence supporting the notion that tumor-derived ERBB3
mutation located in the pseudokinase domain sensitizes
colon cancer to immune checkpoint inhibitors.

Discussion

Our studies uncover a previously unrecognized signaling
pathway that regulates IFN-y-induced PD-L1 gene
expression. Although it is well-documented that IFN-y in-
duces PD-L1 gene expression through the JAK-STAT
signaling,?%%® our data demonstrate that the ERBB3-IRS1-
PI3K-PDK1-RSK-CREB signaling axis also regulates IFN-y
induces PD-L1 expression. Our data are consistent with a
previous study showing that PTEN loss leads to the up-
regulation of PD-L1 in glioma.?* Li et al recently reported
that overexpression of ERBB3 results in the up-regulation
of PD-L1 expression,' suggesting that ERBB3 transduces
the signal to regulate PD-L1. However, they did not iden-
tify the mechanisms by which ERBB3 modulates PD-L1
gene expression. We provide here compelling evidence
that the ERBB3 pseudokinase transduces the signal
through the IRS1-PI3K-PDK1-RSK pathway and activates
CREB-mediated PD-L1 gene expression. It is worth noting
that EGFR regulates PD-L1 levels through posttranslational
modifications,?>?° which is distinct from the mechanisms
we identify in this study. We find that CREB is the tran-
scription factor activated by this signaling axis that mod-
ulates PD-L1 gene expression. However, our data do not
exclude the possibility that STAT proteins can cooperate
with CREB to activate IFN-y to induce PD-L1 gene
expression. Given that PD-L1 modulates tumor growth by
immune evasion, it is possible that the reduced PD-L1
levels in ERBB3 K740M mutant cells may contribute to its
slow growth in vivo.

Our studies suggest that ERBB3 mutation may sensitize
cancer to immune checkpoint inhibitor therapy. The FDA
approved anti-PD1 antibody pembrolizumab for the treat-
ment of metastatic MSI-high colorectal cancer patients,
which account for ~4% of metastatic colorectal cancer.?’
Although most microsatellite-stable (MSS) CRCs do not
respond to immune checkpoint inhibitors, many clinical tri-
als indicate that a small fraction of MSS CRCs does respond to
immune checkpoint inhibitors.?” Therefore, there is an
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Figure 5 CREB regulates PD-L1 gene expression. (A) Schematics of predicted CREB binding sites in the PD-L1 promoter re-
gion. (B) ChIP-gPCRs show that CREB binds to the first 3 CREB binding sites. (C) Overexpression of CREB increases PD-L1
transcriptional activity. (D) CREB knockdown reduces PD-L1 transcriptional activity. (E, F) ERBB3 kinase-inactivating mutant
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*P < 0.01, **P < 0.001, t-test. (G) A model of IFN-y induces PD-L1 expression through the ERBB3-IRS1-PI3K-PDK1-RSK-CREB
signaling axis.

urgent need for additional biomarkers that identify micro- ERBB3 E928G into two different mouse colon cancer cell
satellite-stable CRCs, which should respond to checkpoint lines sensitizes them to anti-PD1 antibody treatment, sug-
inhibitors. Our data demonstrate that knockin of oncogenic gesting that ERBB3 mutation may sensitize human colorectal
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Figure 6 A tumor-derived ERBB3 mutation located in the pseudokinase domain sensitizes mouse colon cancer to an anti-PD1
therapeutic antibody. (A, B) ERBB3 E928G mutation does not impact its protein levels. Cell lysates of CT26 or MC38 parental
independently-derived E928G mutant knockin clones were blotted with the indicated antibodies. (C, D) The Erbb3 E928G mutation
increases IFN-y-induced PD-L1 expression. CT26 or MC38 parental off-target clone (WT) E928G Kl cells were treated with or without
IFN-y. Cell lysates were blotted with the indicated antibodies. (E, F) The Erbb3 E928G mutation sensitizes CT26 mouse colon cancer
to an anti-PD1 therapeutic antibody. CT26 or MC38 off-target clone (WT) and two independently-derived E928G Kl clones were
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cancer patients to immune checkpoint inhibitors as well.
Although PD-L1 expression levels are correlated with clinical
response to anti-PD1 antibody treatment in lung cancer pa-
tients,?® the correlation between PD-L1 level and response
to an anti-PD1 antibody in CRCs is yet to be established. The
mechanisms by which the ERBB3 E928G oncogenic mutation
sensitizes CRCs to anti-PD1 antibody treatment warrant
further studies.
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