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FRA1 contributes to MEK-ERK pathway-dependent
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Abstract: Oncogenic KRAS mutations are frequently found in non-small cell lung carcinoma (NSCLC) and cause
constitutive activation of the MEK-ERK pathway. Many cancer types have been shown to overexpress PD-L1 to
escape immune surveillance. FRA1 is a MEK/ERK-dependent oncogenic transcription factor and a member of the
AP-1 transcriptional factor superfamily. This study assesses the hypothesis that KRAS mutation directly regulates
PD-L1 expression through the MEK-ERK pathway mediated by FRA1. Premalignant human bronchial epithelial cell
(HBEC) lines harboring the KRAS mutation'*?, EGFR mutation, p53 knock-down, or both KRAS mutation and p53
knock-down were tested for levels of PD-L1, FRA1, and ERK activation (pERK). Our results showed that KRAS muta-
tion alone, but not other genetic alterations, induced significantly higher expression of PD-L1 compared to its vector
counterparts. The increased PD-L1 expression in the KRAS mutated cells was dramatically reduced by inhibition of
ERK activation. Furthermore, the MEK-ERK pathway-dependent PD-L1 expression was markedly reduced by FRAL
silencing. Interestingly, FRA1 silencing led to inhibition of ERK activation, indicating that FRA1 plays a role in PD-L1
regulation via positive feedback of ERK activation. Correlation of PD-L1 and FRA1 mRNA expression was validated
using human lung cancer specimens from The Cancer Genome Atlas (TCGA) and established NSCLC cell lines from
Cancer Cell Line Encyclopedia (CCLE). FRA1 expression was significantly associated with PD-L1 expression, and high
FRA1 expression was correlated with poor overall survival. Our findings suggest that oncogenic KRAS-driven PD-L1
expression is dependent on MEK-ERK and FRA1 in high risk, premalignant HBEC.
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Introduction

KRAS oncogenic driver mutations occur in
about 30% of patients with non-small cell lung
cancer (NSCLC) and have been associated with
poorer disease-free survival (DFS) and overall
survival (0S) [1]. Programmed death ligand-1
(PD-L1) is overexpressed in many cancer types
including lung cancer and plays a prominent
role in immune resistance [2]. Recent clinical
trials in NSCLC have shown promising results
from immunotherapy by PD-1/PD-L1 check-

point blockade [3]. Rizvi et al. reported that the
clinical efficacy of PD-1/PD-L1 inhibition thera-
py is associated with a higher nonsynonymous
tumor mutation burden (TMB) [4]. Interestingly,
this study also found that tumors from 50% of
patients with durable clinical benefit had KRAS
mutation compared to only ~5% of tumors from
patients with non-durable benefits. Although
tumoral PD-L1 expression is a predictor of
response to PD-1/PD-L1 blockade therapy [3],
patients with PD-L1 positive tumors do not nec-
essarily respond, and some responses occur in
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patients with PD-L1 weak or negative tumors
[3, 4]. The mechanistic relationship between
TMB and PD-L1 expression that predicts clini-
cal efficacy of PD-1/PD-L1 blockade therapy
remain poorly understood [4]. Also, the use of
tumoral PD-L1 positivity as a predictive bio-
marker for PD-1/PD-L1 blockade therapy is lim-
ited by the multitude of PD-L1 antibodies,
assays, scoring systems, and varying clinical
cutoffs of PD-L1 expression in clinical trials. As
such, we are in need of pre-treatment biomark-
ers that can predict response to immunothera-
py in oncology.

KRAS mutation has been known to activate the
MEK-ERK pathway in many cancers [5]. FOS-
related antigen 1 (FRA1) encoded by the FOS-
like antigen-1 (FOSL1) gene is an oncogenic
transcription factor and a member of the AP-1
family [6]. FRA1 is upregulated in many malig-
nancies including lung cancer and plays an
important role in lung carcinogenesis [7]. Under
stimulated conditions, FRA1 is among the most
highly upregulated transcriptional targets [8],
and ERK activation is required for FRA1 accu-
mulation [9]. Importantly, ectopic FRA1 expres-
sion in pulmonary malignant epithelial cell line
was sufficient to enhance cell motility, invasion,
and anchorage-independent growth as well as
tumor growth and lung metastases [10].

Recent studies demonstrated that the MEK-
ERK pathway was involved in the upregulation
or posttranscriptional regulation of PD-L1 by
KRAS [11-13]. However, the molecular basis of
the upregulation remains largely unknown.
Delineating the mechanisms by which PD-L1
expression is induced may lead to the identifi-
cation of complementary biomarkers for
increased efficacy to PD-1/PD-L1 blockade
therapy. As such, our goal was to understand
the mechanism of PD-L1 induction in NSCLC
patients with KRAS mutation. We hypothesized
that KRAS mutation could induce PD-L1 expres-
sion via MEK-ERK dependent oncogenic tran-
scription factors, such as FRAL. In order to
study this hypothesis and to avoid the multi-
tude of tumor mutations coexistent in cancer
cells, we used premalignant, high-risk human
bronchial epithelial cell lines (HBEC) that
expressed mutant KRAS, EGFR, or p53 knock-
down [14, 15]. These mutations in HBEC were
not sufficient to confer a fully malignant pheno-
type [15]. Here, we report that oncogenic KRAS
mutation-driven PD-L1 expression was depen-
dent on FRA1-mediated ERK activation in
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HBEC, and KRAS mutation was also associated
with increased PD-L1 expression in human
NSCLC tissues and cell lines. Our findings sug-
gest that KRAS mutation associated PD-L1
expression may be a mechanism that pro-
motes tumor immune escape. Furthermore, our
data support the concept of KRAS mutation
directly driving PD-L1 expression via FRA1-
mediated ERK activation rather than merely
representing a surrogate marker of TMB or
tumor antigenicity.

Materials and methods
Cells and culture conditions

All immortalized HBEC lines were provided by
Dr. John D. Minna at the University of Texas,
Southwestern Medical Center. The cells were
immortalized without viral oncoproteins via
ectopic expression of human telomerase
(hTERT) and cyclin-dependent kinase 4 under
control of puromycin and geneticin, respective-
ly [16]. HBEC3 was subsequently manipulated
to stably express the vector control (HBEC3
vector) or an activating point-mutation of the
K-RAS proto-oncogene (K-RASY'?%;, HBEC3 KR-
AS), alone or in combination with stable knock-
down of the P53 tumor suppressor gene
(HBEC3 KRAS/P53) [14]. HBEC3 cell line desig-
nated HBEC3/EGFR “¥%8* and HBEC3/EGFR "
vre [15] were also used. HBECs were cultured in
Keratinocyte Serum-Free Media (Life Tech-
nologies) supplemented with 30 yg/mL Bovine
Pituitary Extract and 0.2 ng/mL recombinant
Epidermal Growth Factor (Life Technologies).

Flow cytometry

Cells were fixed with 2% paraformaldehyde in
PBS for 15 min on ice and were washed with
PBS and were stained with anti-human PD-L1
PE-conjugated monoclonal antibody or isotype
control antibody listed in Table S1 for 30 min on
ice and washed with PBS. Data were analyzed
using a FACSCalibur™ and FlowJo software
(Tree Star) and shown as normalized mean fluo-
rescent intensity (MFI). MFI of PD-L1 stained
sample was normalized to MFI of isotype
control.

Western blot analysis

Preparation of total cell lysates and Western
blotting were performed as described previ-
ously [17] using the primary and secondary
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antibodies as listed in Table S1. Primary anti-
bodies were incubated overnight at 4°C. After
incubating with primary antibodies, the mem-
branes were washed with PBS containing 0.1%
Tween 20 (PBST) three times. Then the mem-
branes were incubated for 1 hour with
IRDye800CW-conjugated goat anti-mouse 1gG
(1:15,000) and IRDye680RD-conjugated goat
anti-rabbit 1gG (1:15,000) secondary antibod-
ies (LI-COR Biosciences, Lincoln, NE) diluted in
PBST containing 5% BSA. The blots were then
washed three times with PBST and rinsed with
PBS. Proteins were visualized by scanning the
membrane on an Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE) with
both 700- and 800-nm channels. The blots
were re-probed with the anti-GAPDH or anti-a-
tubulin as internal loading controls. The relative
densitometric values above the Figures were
calculated using Image J software. The values
were normalized to internal loading controls.
Relative values were obtained using the values
from the untreated groups.

Immunofluorescent staining

Immunofluorescent stainings were performed
as previously described [18]. Antibodies used
are listed in Table S1. For quantification, all
images were acquired using the same photode-
tector gain and intensity to aid in quantitative
comparisons of the relative fluorescence inten-
sities (@ measure of PD-L1 immunoreactivity) of
different samples. All cells in the field of view
for each experiment were scored. For the analy-
sis of the fluorescence intensity, Image J (http://
rsbweb.nih.gov/ij/) was used. Individual cells
were selected by using a selection tool, fol-
lowed by the use of the analyze menu to mea-
sure the area integrated intensity and mean
grey value. This step was repeated for all cells
in the field of view. Blank areas were selected,
and the intensities used for data normalization.
Quantified data are expressed as the mean *
SEM values. Significance testing was conduct-
ed via Student’s t-test. Calculated p-values are
indicated in the Figure as follows: *: P < 0.05,
**%: P <0.01; ***: P<0.001.

Quantitative real-time PCR

Quantitative real-time PCR was performed as
previously described [19]. Total RNA was
extracted using the Quick-RNA MiniPrep (Zymo
Research, Irvine, CA) and reverse transcription
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reactions were performed using the High-
Capacity RNA-to-cDNA (Applied Biosystems,
Grand Island, NY) according to the manufac-
turer’s instructions. Transcript levels were
measured using the Fast start universal SYBR
green master mix (Roche, Pleasanton, CA) by
iCycler thermal cycler (Bio-Rad, Hercules, CA).
The primers are listed in Table S2. Data were
normalized to B-actin levels in the samples in
triplicates. MRNA expression is shown as 2-d¢'@
¢ calculated using the following equations:
delta Ct (gene) = Ct (gene, sample) - Ct (gene,
control).

Transient transfection of FRA1 siRNA transfec-
tion

Transient transfections were carried out on
50-60% confluent HBEC cells as previously
described [18]. For each well of a 6-well plate,
100 nM final concentration of siRNA duplex in
OPTIMEM (Invitrogen) was added. The transfec-
tion efficiency was evaluated by western blot-
ting for FRAL. The FRA1 and control siRNAs are
listed in Table S2.

TCGA and RNA seq analysis

Data from The Cancer Genome Atlas for Lung
Adenocarcinoma (TCGA LUAD) were download-
ed from the TCGA portal (http://tcga-data.nci.
nih.gov/). Somatic mutations in KRAS were
retrieved from cbioPortal (http://www.cbiopor-
tal.org/). RNA-seq analysis for 144 NSCLC cell
lines from John D. Minna’s laboratory was per-
formed as previously described [20]. The
Spearman’s rank-order or Pearson’s correlation
tests were applied to measure the strength of
the association between PDL1 (CD274) and
FRA1 (FOSL1) mRNA levels.

Immunohistochemistry

Lung tumor tissues removed from two patients,
S11-21171 and S13-28321, who carried KRAS
mutation with positive PD-L1 expression and
KRAS wild type with PD-L1 negative expres-
sion, respectively, were embedded in paraffin,
and micro-sectioned onto slides. Immunohi-
stochemistry (IHC) was performed as previous-
ly described [19] using primary antibodies,
PD-L1, and FRAL1 listed in Table S1. The paraf-
fin slides were placed in xylene to remove par-
affin, followed by ethanol. Following a wash in
tap water, the slides were incubated in 3%
Hydrogen peroxide/methanol solution for 10
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minutes and were baked for 1 hour at 65°C.
Antigen retrieval was performed in a pressure
cooker for 5 minutes with Tris-EDTA pH9 buffer
and then cooled for 15 minutes at room tem-
perature. Immunohistochemistry (IHC) was per-
formed using a BOND Il staining system (Leica
Microsystems) programmed for primary anti-
bodies. in Bond Antibody Diluent for 60 min-
utes, Polymer for 15 minutes, Peroxidase block
for 5 minutes, DAB for 10 minutes, and
Hematoxylin for 5 minutes followed by 0.5%
cupric sulfate for 10 minutes with bond washes
between steps. The Bond Refine Polymer
Detection kit (DS9800) was utilized for all steps
after primary antibody exposure. The staining
results were digitally scanned at x200 maghnifi-
cation using an Aperio CS2 whole slide scanner
from Leica Biosystems. The images were visu-
alized with ImageScope software and analyzed
with the Aperio Image analysis toolkit (Leica
Biosystems). Cellular expression of PD-L1 and
FRAZ1 in tumor cells were analyzed using the
Leica Image Analysis and membranous and
cytoplasmic algorithms, respectively. The
results were shown as the scored intensity of
staining no (0), weak (1+), moderate (2+), or
strong (3+), and the overall percentage of cell
staining. Three regions of interest (ROI), repre-
senting average staining were evaluated in
each tissue. The ROIs for each tissue totaled
over 300,000 umZ2. The ROIs were selected by a
pathologist, blinded to patient data, and were
areas free of necrosis with at least 90% tumor
cells. Based on a side by side analysis, the ROIs
were placed in the same location on each stain
for each tissue.

Statistical analysis

Samples were plated/run in triplicate and all
experiments were performed at least two or
three times. The significance of the difference
between groups was evaluated with Student’s
t-test. P < 0.05 was considered statistically
significant.

Results

Oncogenic KRAS mutation, but not EGFR
mutation and p53 knock-down, induced PD-L1
expression in premalignant HBEC cell lines

To evaluate the effect of common oncogenic

driver mutations on PD-L1 expression, we
examined PD-L1 expression in mutant KRAS612Y
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(HBEC3/KRAS), knock-down of p53 (HBEC3/
p53), KRAS mutation and knock-down of p53
(HBEC3/KRAS/p53), and mutant EGFR (HB-
EC3/L858R) HBEC3 cell lines. PD-L1 surface
expression was determined by flow cytometry
in all the HBEC cell lines (Figure 1A). There was
a correlation between PD-L1 surface protein
and mRNA expression levels in all the cell lines
(Figure 1A-C). PD-L1 protein and mRNA expres-
sion were significantly increased by nearly
2-fold in HBEC3/KRAS and HBEC3/KRAS/p53
cells compared to wild type (HBEC3/vector)
(Figure 1B and 1C). There was no significant
increase in PD-L1 expression in the HBEC3/
p53 and HBEC3/EGFR-L858R cell lines.
Furthermore, PD-L1 expression levels in the
HBEC3/KRAS and HBEC3/KRAS/p53 cell lines
were comparable, indicating that knockdown of
p53 did not alter increased PD-L1 expression
induced by KRAS mutation (Figure 1A-C). These
results highlight the predominant role of KRAS
mutation over other oncogenic driver mutations
in the induction of PD-L1 expression and impli-
cate that KRAS mutation alone can induce
PD-L1 expression in high risk, premalignant
human bronchial epithelial cells.

MEK-ERK pathway is a major regulator of con-
stitutive and KRAS mutation-induced PD-L1
expression in HBEC cell line

Oncogenic KRAS mutation stimulates a wide
range of downstream signaling pathways, such
as the RAF-MEK-ERK [5] and PI3K-Akt-mTOR
pathways [21]. To examine the potential effects
of these pathways on KRAS-induced PD-L1
expression, HBEC3/vector, and HBEC3/KRAS
cells were treated with MEK inhibitor (MEKI),
mTOR inhibitor (mTORI), and dual inhibitor of
PI3K and mTOR (PI3K/mTOR)i, and analyzed for
PD-L1 mRNA expression by RT-qPCR (Figure
2A). The efficacy of the inhibitors was also vali-
dated by western blot (Figure 2B). PD-L1 mRNA
expression was significantly increased in
HBEC3/KRAS cells compared to HBEC3/vector
cells (Figure 2A), which was dramatically
decreased (5-fold) by inhibition of MEK-ERK
pathway (MEKIi), while it was ~1.3-fold and
~2-fold decreased by inhibition of mMTOR (MTORI)
and PI3K/Akt/mTOR (PI3BK/mTOR)i pathways,
respectively (Figure 2A). These results indicate
that KRAS-driven PD-L1 expression was mainly
dependent on the MEK-ERK pathway. Combined
inhibition of both MEK-ERK and mTOR path-
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Figure 1. KRAS mutation alone induced PD-L1 expression in high risk, premalignant human bronchial epithelial
cells. PD-L1 expression was examined in HBEC3 cell lines carrying the K-Ras'*? mutation (Kras), knock-down of p53
(p53) or both (Kras/p53), and EGFR mutation (L858R). PD-L1 surface expression was determined by flow cytometry
and a representative histogram is shown (A). Mean fluorescence intensity (MFI) obtained from the histograms were
normalized to an isotype control (B). A horizontal line at ratio 1 indicates the baseline (BKG). PD-L1 mRNA expres-
sion was determined by real-time qPCR. Data were shown as mean + SEM from three independent experiments (C).
Statistical analysis was done with Student’s t-test. BKG: background.

ways (MEKi+mTORi) or MEK-ERK and PI3K/
Akt/mTOR pathways resulted in a significant
decrease (P = 0.006 and P = 0.002) in KRAS-
driven PD-L1 mRNA expression (Figure 2A), but
not in protein levels (Figure 2B), when com-
pared to MEKi alone. These results again sup-
port the finding of KRAS-driven PD-L1 expres-
sion was mainly dependent on the MEK-ERK
pathway. We also found that MEKi treatment
decreased constitutive PD-L1 mRNA expres-
sion by ~3-fold in HBEC3/vector cells (Figure
2A). However, there was only a slight reduction
(1.1 fold) in PD-L1 mRNA expression by mTORI
in HBEC3/vector cells, which was further sig-
nificantly decreased by combination treatment
with MEKi+mTORi (2.6-fold) compared to MEKi
treatment alone (Figure 2A). There was ~3.5
fold decrease in the constitutive PD-L1 mRNA
expression by treatment with (PIBK/mTOR)i in
HBEC3/vector cells compared to mTORi alone
or no treatment (Figure 2A). (PISBK/mTOR)i
treatment alone led to almost complete inhibi-
tion of pERK, pAkt, and pS6 protein expression,
relevant downstream mediators of PI3K/Akt/
mTOR pathway (Figure 2B). There was a compa-
rable reduction in PD-L1 expression by (PI3K/
mTOR)i alone and by combination treatment of
MEKi and (PISK/mTOR)i in HBEC3/vector cells
(Figure 2A and 2B). These findings suggest a
possible mechanism of cross-talk between the
MEK-ERK and PI3K/Akt/mTOR pathways in
constitutive PD-L1 expression in HBEC3/vector
cells but not in HBEC3/KRAS cells. Constitutive
PD-L1 mRNA expression in HBEC3/vector cells
was not significantly altered by the combined
inhibition of MEK-ERK and mTOR pathways
(MEKi+mTORi) or MEK-ERK and PI3K/Akt/
mTOR pathways (MEKIi+(PI3K/mTOR)i) com-
pared to MEKi alone (Figure 2A). Collectively,
these results demonstrate that the MEK-ERK
pathway plays a major role in the regulation of
oncogenic KRAS-driven PD-L1 expression in
HBEC cells.

Next, we attempted to verify MEK-ERK depen-
dent increase in PD-L1 expression in multiple
HBEC cell lines with KRAS mutation. Of the
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four cell lines tested, three cell lines (HBEC2/
KRAS, HBEC3/KRAS, and HBEC7/KRAS) sh-
owed significant increases in PD-L1 (mRNA,
surface, and cytoplasmic protein) expression
compared to respective wild type cell lines,
which were significantly reduced by MEKiI
(Figure 2C and 2D). These findings further vali-
date the concept of KRAS mediated PD-L1
expression in multiple high-risk HBEC lines. We
also found that there was differential sensitivity
to MEKi between cell lines. For example, the
PD-L1 expressions in HBEC2/KRAS and
HBEC3/KRAS were significantly reduced by
MEKI, but not in HBEC7/KRAS and HBEC11/
KRAS lines. Hence, we selected HBEC3 for fur-
ther studies, in which KRAS-driven and MEK-
ERK pathway-dependent PD-L1 expression
were validated. Using HBEC3, we further con-
firmed that KRAS-driven PD-L1 protein and
mRNA expression in HBEC3/KRAS were
decreased by MEKi in a dose-dependent man-
ner (Figure 3A-C). The reduced surface and
intracellular PD-L1 protein expression by MEKI
(1 M) were also detected by immunofluores-
cence staining (Figure 3D).

FRA1 is upregulated in the KRAS mutant HBEC
cell lines

The MEK-ERK pathway regulates the activity of
many different substrate proteins including the
transcription of downstream target genes [22].
On the basis that altered expression of ERK-
dependent transcription factors may contribute
to oncogenic KRAS mutation mediated PD-L1
expression, we examined the expression of
seven ERK-dependent transcription factors
that were upregulated and strongly dependent
on MEK-ERK signaling in KRAS oncogene trans-
formed pre-neoplastic rat ovarian surface epi-
thelial (ROSE) cells [23]. These transcription
factors included KIf6, Hmga2, Fosll (FRAL),
JunB, RelA, Otx1, and Gfil. As expected, mRNA
expression of Hmga2 (~1.3 fold) and FRA1
(~1.8 fold) were significantly increased, but not
the other factors, in HBEC3/KRAS cells com-
pared to HBEC3/vector cells (Figure 4A).

Am J Transl Res 2020;12(2):409-427



FRA1 and PD-L1 expression in KRAS-mutated premalignant HBEC

A (o DMSOQO vsinhibitors; * (vector). # (KRAS) p< 0.005 C [y
o 25— =) 159 % Vector vs *
'E P<0.0001 a P< 0.05 D DMSO
0 )
— 1} # DMSO vs I MEKi
d‘é_"’c 20 £<0.0002 [CIHBEC3/vecto 5 10d MEKi
- P<0.01 x P<0.05
:ﬁ = — I HBEC3/KRA s 2
b 157 # < X
=% Z9 5-
x o X~
~ 104 £ <
£ P<O 002 -
- ]_|"5 ns -
-.l 54 * # & DI ~vector KRAS vector KRAS vector KRAS vector KRAS
E I-'l'-. ri._ o HBEC2 HBEC3 HBEC7 HBEC11
o D
MEKi (PD0325901) - + +
mTORi (CCI-779) - - + - + - 109 4 Vector vs
(PI3K/mTOR)i (PKI-587) - - - + - + - P< 0.05
[T} 8-1# DMSO vs
B — o MEKi
HBEC3/vector HBEC3/KRAS L > 64 P<0.05
MEKi (PD0325901) - + - - + 4+ = + - -+ * = 0
mTORi (CCI-779) - -+ - + - - - + - + - : .E—q_
I i - - - - - - - - - T ™
(PI3K/mTOR)i (PKI-587) : + + + + Ao
- ow W S es . PD-L1 C e
E E X 07 42 5 (v
S -
tor vector vector vector
- - — ERK vec
e P HBEC2 HBEC3 HBEC7 HBECI
3 . - — - o= =N == ﬂ a ERK
E MEKi (1pM)
— — D = e - pS6 ~
HBEC HBEC3 HBECT HB 11JiB_E_2HBE(:3 HBEC7 HBEC11
v V KV KV KV K

o i o~ — o S6
[ 1312 15 14 14 1| 76 31 07 57 15 10
- - » . - — pAkt p-ERK
_ i4 0904 114 98 26 - 34 -
Akt ERK
1 09 1 09 1 11 07 O09Q@o7 09 1 1 09 08 06 07

R RSN G/ FDH

_
Figure 2. KRAS-driven PD-L1 expression was inhibited by MEK inhibitor in multiple HBEC lines. HBECs (HBEC3/Vector and HBEC3/Kras) were treated with the inhibi-
tors for MEK (PD0325901, 1 mM), mTOR (CCI779, 20 mM), and PI3K and mTOR (PKI-587, 3 mM) for 24 hours and the total RNA and cell lysates were collected to

perform qPCR (A) and western blot (B) to measure PD-L1 mRNA expression and the efficacy of the inhibitors, respectively. A representative experiment was shown
as mean + SD from three independent experiments. Statistical analysis was done with Student’s t-test. P = 0.006 (HBEC3/KRAS, MEKi vs MEKi+mTORi), P = 0.002
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((HBEC3/KRAS, MEKi vs MEKi+(PI3K/mTOR)i) Four HBEC lines (HBEC2, HBEC3, HBEC7 and HBEC11) were treated
with MEK inhibitor (PD0325901) at a final concentration of 1 uM for 24 hours. Vector and Kras were depicted as V
and K, respectively. PD-L1 mRNA (C) and surface PD-L1 expression (D) were measured by gPCR and flow cytometry,
respectively. Data were shown as mean + SEM from three independent experiments. Statistical analysis was done
with Student’s t-test. Western blot was performed to examine PD-L1 expression and ERK activation (E). The numeric
values above the blots were obtained by densitometric analyses after normalized to internal loading controls (GA-

PADH).

The concept of KRAS driven increased expres-
sion of Hmga2 and FRA1 was evaluated in mul-
tiple HBEC cell lines with KRAS mutation. All
four HBEC/KRAS (HBEC2, 3, 7, and 11) cell
lines tested showed significantly increased
FRA1 mRNA and protein expression while two
cell lines (HBEC3/KRAS and HBEC11/KRAS)
exhibited moderate increase in Hmga2 mRNA
expression (Figure 4B and 4C), which were dra-
matically and dose-dependently reduced by
MEKi treatment (Figure 4B-E). The treatment of
MEKi resulted in a parallel dose-dependent
decrease in both PD-L1 and FRA1 protein
expression with an associated marked reduc-
tion in pERK protein expression (Figure 4F).
These results suggest that FRA1 may play a
role in the regulation of MEK-ERK-dependent
PD-L1 expression induced by KRAS mutation in
HBEC cells.

FRA1 knock-down markedly suppresses KRAS
mutation-induced and MEK-ERK-dependent
PD-L1 expression and ERK activation in HBEC

To test the functional role of FRAL in regulating
KRAS mutation-induced PD-L1 expression in
HBEC, we used siRNA to inhibit FRA1 expres-
sion. At 48 hours siRNA transfection, FRA1
knockdown in both HBEC3/vector (86%) and
HBEC3/KRAS (94%) cell lines was associated
with a parallel 40% (HBEC3/vector) and 50%
(HBEC3/KRAS) reduction of PD-L1 protein
expression compared to non-targeting control
siRNA transfection (Figure 5A and 5B). At 72
hours siRNA transfection, there was 99%
knockdown by FRA1 siRNA and the PD-L1
protein expression further decreased (75%)
compared to non-targeting control siRNA in
HBEC3/KRAS cells. In contrast, there was
also 99% knockdown by FRA1 siRNA in HBEC3/
vector cells, but there was no associated fur-
ther reduction in PD-L1 protein expression
(Figure 5B). These findings suggest that FRAL
may regulate KRAS mutation-induced PD-L1
expression.

To further evaluate if activation of ERK appears
to be integral in oncogenic KRAS-mediated
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PD-L1 expression, we investigated whether
ERK activation is impacted FRA1 knockdown.
Surprisingly, we found that FRA1 knockdown
led to a remarkable reduction in ERK activa-
tion, especially in HBEC3/KRAS cells (Figure
5C). These results suggest that FRA1 regulates
mutant KRAS induced PD-L1 expression poten-
tially through a positive feedback mechanism
promoting sustained ERK activation (Figure
5D).

PD-L1 expression is significantly correlated
with FRA1 expression in human lung cancer
specimens (TCGA) and human NSCLC cell
lines

To validate the correlation between PD-L1 and
FRA1 mRNA expression in lung cancer, we ana-
lyzed TCGA samples [24] from 444 patients
with NSCLC and 115 human lung cancer cell
lines from CCLE [25]. As expected, there was a
strong correlation between PD-L1 and FRA1 in
the TCGA samples (R = 0.44, P = 1e-22) (Figure
6A) and CCLE lung cancer cell lines (R =0.51, P
= 4e-9) (Figure 6B). We also found that high lev-
els of FRA1 expression independently predict-
ed poor overall survival (0S) in NSCLC patients
(Figure 6C). Additionally, RNA sequencing for
PD-L1 (CD274) and FOSL1 (FRA1) were per-
formed on NSCLC cell lines (n = 144) provided
by John D. Minna’s lab. There was a significant
correlation between PD-L1 and FRA1 expres-
sion in the NSCLC cell lines (R = 0.52, P =
2e-11) (Figure 6D and 6E).

Given these findings that PD-L1 positively cor-
related with FRA1 mRNA expression from the
analyses of 3 independent datasets, we further
assessed this concept in patient tumor speci-
mens using immunohistochemical analysis and
found that FRA1 protein expression intensity
was significantly higher in the KRAS mutant/
PD-L1 positive tumor specimen (Figure 6F and
6G) than in KRAS wild type/PD-L1 negative
tumor specimens (Figure 6H and 6l). These
results further support the concept that tumor
expression of PD-L1 is positively correlated
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Figure 3. KRAS-driven PD-L1 expression was inhibited by MEK inhibitor in a dose-dependent manner in HBECs. HBECs (HBEC3/Vector and HBEC3/Kras) were
treated with MEK inhibitor (PD0325901) at final concentrations of 10“~1 uM for 24 hours. Western blot was performed to examine PD-L1 expression and ERK
activation (pERK) (A). PD-L1 mRNA (B) and surface PD-L1 expression (C) were measured by qPCR and flow cytometry, respectively. Data were shown as mean + SD.
Immunofluorescent staining of PD-L1 expression and DAPI on HBEC3/Vector and HBEC3/Kras treated with MEK inhibitor (1 uM) for 24 hours (D). The relative per-
centage of PD-L1 expression was measured and expressed as fluorescence intensity under different experimental conditions (E). Scale bars, 50 um, *: P <0.05, **;
P <0.01; ***: P<0.001. The numeric values above the blots were obtained by densitometric analyses after normalized to internal loading controls (a-tubulin) (A).
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Figure 4. FRA1 was upregulated in the KRAS mutant HBEC cell lines. Seven ERK-dependent transcription factors
were tested for their mRNA expression levels in HBECs (HBEC3/Vector and HBEC3/Kras) (A). HMGA2 (B) and FRA1
(C) mRNA expression in HBECs were measured by qPCR after treatment with MEK inhibitor (PD0325901) at a final
concentration of 1 uM for 24 hours. FRAL protein expression levels were measured in multiple HBEC lines by west-
ern blot after treatment with or without 1 yM MEKi for 24 hours (D). FRAL and PD-L1 mRNA and protein expression
levels in HBECs (HBEC3/vector and HBEC3/Kras) were measured by qPCR and western blot after treated with MEK
inhibitor (PD0325901) at final concentrations of 10“*~1 uM for 24 hours (E and F). The numeric values above the
blots were obtained by densitometric analyses after normalized to internal loading controls (a-tubulin or GAPDH).

with FRA1 expression in NSCLC patients at
both mRNA and protein levels.

The prognostic significance of PD-L1 expres-
sion in human cancers including lung cancer is
controversial and clinical outcomes are varied
in studies [26-30]. To evaluate the impact of
PD-L1 and FRA1 expression on overall survival
(0S), we correlated the OS of patients with lung
adenocarcinoma (n = 444) according to the
expression of PD-L1 and FRA1. We found that
patients with tumors that expressed high FRA1
and high PD-L1 levels had a trend toward lower
OS than patients with low FRA1 and low PD-L1
expression (P > 0.05; Figure S1A). High FRA1
with low or high PD-L1 status did not correlate
with a significant difference in OS (Figure S1B).
Also, we did not find any significant association
between KRAS mutation and mRNA expression
of PD-L1 and FRAZ1 in the TCGA tumor samples
and CCLE lung cancer cell lines (Figure S2A and
S2B). These findings highlight the difficulty in
studying specific driver mutations, such as
KRAS, in patient samples (TCGA) or cancer cell
lines (CCLE), and the role of potential biomark-
ers, such as PD-L1 and FRA1, in cancer speci-
mens with clonal cancer subsets, varying muta-
tional tumor burdens, concomitant other known
and unknown mutations, and varied treatment
exposures. As such, to understand the mecha-
nism of KRAS driven PD-L1 expression, our
studies were performed in high risk, premalig-
nant HBEC cell lines to eliminate as much of the
confounding variables, such as other driver
mutations.

Discussion

KRAS mutation has remained an elusive target
for cancer therapy [31]. There are currently no
approved drugs that specifically target KRAS
mutant tumors [31, 32]. The presence of KRAS
mutation has an attendant poorer prognosis,
but it translates into little clinical utility [31, 32].
Analyses have shown that KRAS mutations are
more prevalent amongst former or active smok-
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ers compared to never-smokers suggesting
that KRAS may merely reflect smoking status,
tumor antigenicity, and TMB [31, 33]. KRAS
mutations are not mutually exclusive from
EGFR mutations or ALK rearrangements [32].
Skoulidis et al. defined three major subgroups
of KRAS mutant lung adenocarcinoma in which
somatic genetic aberrations in STK11/LKB1,
TP53, and CDKN2A/B can co-exist with KRAS
mutation resulting in different phenotypes [32,
34]. For instance, in the STK11/LKB1 altera-
tion cohort, PD-L1 expression was lower com-
pared to the other two subgroups [34]. As such,
KRAS mutation in NSCLC is molecularly a
diverse entity confounded by the presence of
other driver mutations, which make elucidating
the role of KRAS in NSCLC carcinogenesis and
impact on immunotherapy difficult to interpret
and study. On this basis and in an effort to
avoid the multitude of coexistent tumor muta-
tions in cancer, we used a premalignant, high-
risk human bronchial epithelial cell line (HBEC)
model that expressed mutant KRAS, EGFR, or
p53 knock-down [14, 15].

In checkpoint inhibition immunotherapy, total
TMB and smoking status have been directly
associated with better therapeutic efficacy. In
lung cancer, there is wide variability in the fre-
quency of somatic tumor mutations where
tumors from smokers have relatively high TMB
compared to tumors from nonsmokers [4].
The initial findings from Rizvi et al. of high TMB
predicting the efficacy of PD-1/PD-L1 inhibi-
tion therapy [4] have been validated in Ch-
eckMate026 where patients with untreated
advanced stage IV or recurrent NSCLC with >
1% PD-L1 tumor expression were randomized
to first-line nivolumab monotherapy or plati-
num-doublet chemotherapy [35]. In an explor-
atory analysis of CheckMate026, patients with
high TMB had improved progression-free sur-
vival (PFS) and objective response rate with
nivolumab compared to chemotherapy [35].
CheckMate026 was the first randomized phase
3 trials to demonstrate the concept of high
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sure PD-L1 and FRA1 expression. ERK activation (p-ERK) was also examined after FRAL siRNA treatment by western blot (C). Schematic of a proposed mechanism
for mutant KRAS-mediated PD-L1 upregulation through ERK pathway and FRA1 in premalignant, high risk human bronchial epithelial cells. This positive feedback
loop between ERK activation and FRA1 up-regulation is a novel finding, particularly in a lung premalignancy model and sheds light on PD-L1 upregulation (D). The
numeric values above the blots were obtained by densitometric analyses after normalized to internal loading controls (GAPDH).
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Figure 6. PD-L1 expression was significantly correlated with FRAL expression in human lung cancer specimens
(TCGA), human NSCLC cell lines and patient tumor tissues. Correlations between PD-L1 and FRAL mRNA expression
in samples from 444 patients with NSCLC from The Cancer Genome Atlas (TCGA) (A) from 115 NSCLC cell lines from
Cancer Cell Line Encyclopedia (CCLE) (B) were evaluated. The Spearman’s rank-order correlation test was applied
to measure the strength of the association between PD-L1 and FRAL mRNA levels. Kaplan-Meier plots of overall
survival in patients with lung adenocarcinoma (n = 444) according to the expression of FRAL (C). *Fold-changes
(FC) between tumors and healthy tissues; high (FC > 2), low (FC < 0.5). High expression in tumors is indicated in
red, while low expression in tumors is shown in blue. A total of 144 NSCLC cell lines (84 adenocarcinomas, 21
squamous cell carcinomas, and 39 NSCLC-not otherwise specified (NSCLC-NOS) were provided by John D. Minna’s
lab and were used to examine the correlation of PD-L1 and FRAL mRNA expression by the Spearman’s rank-order
correlation test (D, E). The log-rank test was used for comparisons. Hematoxylin and Eosin staining and immunohis-
tochemical staining of expression of PD-L1 and FRA1 in NSCLC patients with KRAS mutant and positive expression
of PD-L1 (F and G) and with KRAS wild type and negative expression of PD-L1 (H and I). IHC staining intensity was
scored as O (negative), 1+ (weak), 2+ (moderate), and 3+ (strong) and the results were quantified using 3 ROIs from
each tissue by Aperio Image analysis toolkit (Leica Biosystems) as described in the Methods. Results were shown
as the average percentages of positive cells (G and I). One representative ROl was shown (F and H). *, P < 0.05; **,
P < 0.005; *** P < 10° (wild type KRAS vs mutant KRAS).

TMB predicting efficacy to PD-1 inhibitor thera-
py. Dong et al. reported on clinical and muta-
tional data of 34 NSCLC patients treated with
pembrolizumab where they observed that
TP53/KRAS mutation significantly increased
PD-L1 expression and the TP53 or KRAS mutat-
ed tumors showed increased TMB [36].

Based on this body of evidence, the role of
KRAS mutation in PD-L1 expression and TMB
in NSCLC remains unclear [27, 37]. It is contro-
versial whether the presence of KRAS mutation
is just a reflection of high TMB and smoking sta-
tus or if there is a direct mechanism of KRAS
mediated PD-L1 over-expression. As such, we
hypothesized that oncogenic KRAS mutation
induces PD-L1 upregulation via MEK-ERK
dependent oncogenic transcription factor FRAL
(FOSL1). Here, our study demonstrated that
oncogenic KRAS mutation mediated PD-L1
expression is driven by the MEK-ERK pathway
in HBEC cell lines via FRA1, suggesting that
KRAS can directly drive PD-L1 expression.

In an effort to validate our findings in cancer,
we analyzed human NSCLC tissue specimens
and cell lines and found a strong association
between FRA1 and PD-L1 at mRNA and protein
expression levels supporting our findings of
FRA1 mediated PD-L1 expression in HBEC.
Correlation between expression of FRA1 and
PD-L1 was also confirmed in 33 NSCLC-PDX
models (data not shown). Additionally, we found
that oncogenic KRAS mutation (G12V) but not
EGFR mutation (L858R), induced an increase
in the surface and intracellular PD-L1 levels in
HBEC carrying no other mutations. In compari-
son, D’Incecco et al. analyzed 125 NSCLC
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patients assessed PD-L1 and PD-1 protein
expression by IHC in 56 EGFR mutated, 29
KRAS mutated, 10 ALK translocated, and 30
EGFR/KRAS/ALK wild type tumors [38]. PD-L1
expression was significantly associated with
adenocarcinoma histology and EGFR muta-
tions, whereas PD-1 expression was significant-
ly associated with current smoking status and
KRAS mutations [38]. In another study, Ji et al.
evaluated 100 surgically resected lung adeno-
carcinoma specimens and assessed PD-1 and
PD-L1 expression by IHC in relation to KRAS or
EGFR mutational status [39]. In contrast, Ji et
al. found a negative association between tumor
PD-L1 expression and EGFR mutation, and also
between tumor PD-1 expression and KRAS
mutation [39]. These differences in studies
that correlate PD-1/PD-L1 expression with driv-
er mutations are likely explained by the pheno-
typically different subsets of KRAS mutations
that co-existent with other driver mutations,
and also the inherent variability in testing PD-1/
PD-L1 protein expression by IHC.

Contrary to our results, Ma et al. reported a low
expression of FRA1 from 118 NSCLC paraffin-
embedded NSCLC tissue specimens (Beijing,
China) correlated with advanced tumor stage
and poor OS [40]. Notably, there was no men-
tion of underlying driver mutations, such as
EGFR status. A meta-analysis of clinical trials
with Asians in 90 treatment arms revealed dif-
ferences in OS and chemotherapy response
rates [41]. As such, co-existent driver muta-
tions, such as EGFR mutation, or ethnic differ-
ences in Asian subjects may account for the
discrepancy reported by Ma et al. compared to
our FRA1 results.
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Correlation between PD-L1 expression and
EGFR mutation remains inconclusive [42]. In
contrast to our results, a previous study report-
ed that ectopic expression of mutated EGFR,
but not of mutated KRAS, caused an increase
in PD-L1 levels in immortalized bronchial epi-
thelial cells (BEAS2B) [43]. Although a more
detailed investigation is necessary, the incon-
sistency in this finding with our result may be
due to the differences in endogenous signaling
contexts between the two cell lines. In fact, our
results showed that there was no increase in
PD-L1 expression in HBEC11/KRAS cell line,
while there were significant increases in other
HBEC/KRAS cell lines (HBEC2, 3, and 7).
Furthermore, the enhanced PD-L1 expression
by KRAS mutation was not impacted by the
addition of pb53 knockdown, indicating that
there is no association between the level of
PD-L1 expression and alterations of p53 signal-
ing in HBEC.

Intrinsic tumor PD-L1 expression can be caused
by the activation of oncogenic signaling path-
ways [44]. Oncogenic KRAS mutation results in
the activation of mitogen-activated protein
kinase (MAPK) signalling pathway (RAF-MEK-
ERK) and PI3K pathway (PI3K-AKT-mTOR).
Lastwika et al. showed that oncogenic and
inducible PD-L1 expression was AKT-mTOR
pathway-dependent in lung cancer [45]. In
HBEC, we found that intrinsic and oncogenic
KRAS activation-mediated PD-L1 expression
was associated mainly with the MEK-ERK path-
way whereas the mTOR pathway had a marginal
effect on PD-L1 expression. In accordance with
our results, Chen et al. revealed that PD-L1
upregulation was induced by Kras mutation
through p-ERK and not p-AKT signaling [11].
Unexpectedly, we found that PD-L1 expression
was independently associated with ERK activa-
tion in HBEC7 and HBEC11. PD-L2 is also a
known ligand of PD-1 and was found to be
expressed in the tumor microenvironment [46].
Although the current study did not address the
inconsistency between the HBEC lines, our pre-
liminary data showed that PD-L2 expression
was more prevalent than PD-L1 in KRAS mutant
HBEC7 and HBEC11, and the expression was
dramatically reduced by MEK inhibitor (unpub-
lished data). Thus, we speculate that there may
be different mechanisms of selective or prefer-
ential expression between PD-L1 and PD-L2 in
premalignant HBECs. Alternatively, differential
sensitivity to the MEK inhibitor may also be
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present between HBECs, which is suggested by
studies showing that RAS mutant cells did not
demonstrate the same sensitivity to MEK inhi-
bition despite the effective inhibition of p-ERK
[47, 48].

Interestingly, we found that PD-L1 inhibition by
dual inhibitors of PI3K and mTOR in KRAS wild
type, but not in KRAS mutant HBEC, was com-
parable to the inhibition by MEK inhibitor. This
result is most likely due to a cross-talk between
the MEK-ERK and PI3K-Akt-mTOR pathways
[49] as ERK activation was nearly abolished by
inhibition of PI3K and mTOR in the KRAS wild
type HBEC while the activation was not affect-
ed in the KRAS mutant HBEC. Others have pre-
viously shown that MEK inhibition caused
remarkably enhanced p-Akt levels under the
RAS mutation, which resulted from the cross-
regulation between the two signaling pathways
and led to resistance to MEK inhibitor [49, 50].
However, our study showed that the levels of
p-Akt were not notably affected by MEK inhibi-
tion in both wild type and mutant KRAS HBECs.

The mechanisms of PD-L1 regulation in lung
cancer remains poorly understood. Coelho et
al. showed that Ras-MEK signaling elevated
PD-L1 expression by modulating the stability of
the transcript through tristetraprolin (TTP), an
AU-rich element-binding protein [12], which
may be an alternative FRA1 independent PD-L1
pathway in KRAS mutant cells. We elucidated
in the current study that oncogenic KRAS muta-
tion caused increased PD-L1 expression and
its downstream MEK-ERK pathway was a major
signaling pathway that mediated the upregula-
tion of PD-L1 in HBEC. Importantly, we found
that FRA1, a proto-oncogenic transcription fac-
tor, played an important role in the regulation of
PD-L1 expression. The role of FRAL in cancer
progression is not clear. Our results represent
the first evidence that FRA1 may promote can-
cer progression by facilitating immune evasion
in high risk, premalignant bronchial epithelial
cells. Specifically, we hypothesized that FRA1
might be pivotal in tumorigenesis via the regu-
lation of immune checkpoint PD-L1 expression.
Our speculation can be supported by the find-
ings in this study that high FRA1 expression
was a poor prognostic factor for NSCLC, and
expression of FRA1 was strongly related to
PD-L1 expression in lung cancer tissues and
cell lines.
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In conclusion, our study identified FRA-1 as one
mechanism by which KRAS mutation resulted
in direct regulation of PD-L1 expression in
human premalignant, high-risk bronchial epi-
thelium. As such, KRAS mutation may not
merely represent TMB or tumor antigenicity.
But rather, these findings suggest that MEK-
ERK dependent FRA1 and PD-L1 status in
NSCLC patients with KRAS mutation may serve
as companion biomarkers that predict efficacy
to PD-1/PD-L1 immune checkpoint blockade
therapy or identify a patient population for can-
cer-prevention therapy. Additionally, there may
be a role for targeting FRA-1 in potential combi-
national strategies with checkpoint inhibition in
this patient population.
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Table S1. Antibody details

Protein Application Source Cat# Pf”””f"”y Incqbahon Incubation
Dilution time temp

PD-L1 FC BD Pharmingen 557924 500 30 min 4°C
isotype (PD-L1) FC BD Pharmingen 555749 500 30 min 4°C
PD-L1 WB Cell Signaling 13684 1000 O/N 4°C
FRAL WB Cell Signaling 5281 1000 O/N 4°C
p-ERK WB Cell Signaling 9106 1000 O/N 4°C
ERK WB Cell Signaling 9102 1000 O/N 4°C
p-Akt WB Cell Signaling 4060 5000 O/N 4°C
Akt WB Cell Signaling 2920 5000 O/N 4°C
p-S6 WB Cell Signaling 4858 1000 O/N 4°C
S6 WB Cell Signaling 2217 1000 O/N 4°C
tubulin WB Cell Signaling 3873 1000 O/N 4°C
GAPDH WB Advanced Immuno Chemical Inc 2-RGM2 10,000 30 min RT
PD-L1 IF Santa Cruz sc-50298 50 O/N 4°C
PD-L1 IHC Epitomics EP314 50 60 min RT
FRAL IHC Santa Cruz sc-376148 50 60 min RT
Secondary antibodies

goat anti-mouse 1gG WB LI-COR Biosciences 926-32210 15,000 60 min RT

goat anti-rabbit 1gG WB LI-COR Biosciences 926-68071 15,000 60 min RT

goat anti-rabbit 1gG IF Molecular Probes 954418 2000 60 min RT
WB: western blot; IF: immunofluorescence; IHC: immunohistochemistry.
Table S2. Primer sequences for real-time RT-PCR and siRNAs for transient transfection
Gene Forward Reverse
PD-L1 TGTGACCAGCACACTGAGAA AGTCCTTTCATTTGGAGGATGT
HMGA2 ACCTAGGAAATGGCCACAAC CCTAGTCCTCTTCGGCAGAC
FRA1 CCAGCAGAAGTTCCACCTG CAGGAAATGAGGCTGTACCA
KLF6 CACGAGACCGGCTACTTCTC CGGATTCCTCCTTTTTCTCC
JunB CGATCTGCACAAGATGAACC GCTGCTGAGGTTGGTGTAAA
Otx1 CAAGACTCGCTACCCTGACA GTTCTTGAACCAGACCTGGAC
Gfil AAGGCAGATTCGTTTACTCCA CCGGAGGAGACCTAATACCA
RelA TCTGCTTCCAGGTGACAGTG ATCTTGAGCTCGGCAGTGTT

siRNA duplexes
Target A mixture of four validated sequences Source Cat#
FRA1 GCUCAUGCAAGAGUAGCA, GAGCUGCAGUG- Dharmacon L-004341
GAUGGUAC, AAUCUGGGCUGCAGCGAGA, and
GAGUAAGGCGCGAGCGGAA.

Control siRNAs  Not provided from the Source Dharmacon D-001810
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Figure S1. Kaplan-Meier plots of overall survival in patients with lung adenocarcinoma (n = 444) according to ex-
pression of PD-L1 and FRAL. There was no impact of high PD-L1 expression on overall survival in NSCLC patients
with high FRA1 expression (A). Patients with high expression of FRA1 and PD-L1 showed lower overall survival rates
than patients with low expression of FRA1 and PD-L1 (B).
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Figure S2. KRAS mutation is not associated with expression of PD-L1 and FRA1. Expression of PD-L1 and FRA1
were analyzed in NSCLC patients with wild type versus mutant KRAS in tumor tissues from TCGA (A) and CCLE (B).



