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Abstract

Background: Approximately 20% of lung adenocarcinoma (LUAD) is negative for the lineage-specific oncogene Thyroid tran-
scription factor 1 (TTF-1) and exhibits worse clinical outcome with a low frequency of actionable genomic alterations. To iden-
tify molecular features associated with TTF-1-negative LUAD, we compared the transcriptomic and proteomic profiles of
LUAD cell lines. SRGN , a chondroitin sulfate proteoglycan Serglycin, was identified as a markedly overexpressed gene in TTF-
1-negative LUAD. We therefore investigated the roles and regulation of SRGN in TTF-1-negative LUAD. Methods: Proteomic
and metabolomic analyses of 41 LUAD cell lines were done using mass spectrometry. The function of SRGN was investigated
in 3 TTF-1-negative and 4 TTF-1-positive LUAD cell lines and in a syngeneic mouse model (n =5 to 8 mice per group).
Expression of SRGN was evaluated in 94 and 105 surgically resected LUAD tumor specimens using immunohistochemistry.
All statistical tests were 2-sided. Results: SRGN was markedly overexpressed at mRNA and protein levels in TTF-1-negative
LUAD cell lines (P < .001 for both mRNA and protein levels). Expression of SRGN in LUAD tumor tissue was associated with
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poor outcome (hazard ratio = 4.22, 95% confidence interval = 1.12 to 15.86, likelihood ratio test, P = .03), and with higher
expression of Programmed cell death 1 ligand 1 (PD-L1) in tumor cells and higher infiltration of Programmed cell death
protein 1-positive lymphocytes. SRGN regulated expression of PD-L1 as well as proinflammatory cytokines, including
Interleukin-6, Interleukin-8, and C-X-C motif chemokine 1 in LUAD cell lines; increased migratory and invasive properties of
LUAD cells and fibroblasts; and enhanced angiogenesis. SRGN was induced by DNA demethylation resulting from
Nicotinamide N-methyltransferase-mediated impairment of methionine metabolism. Conclusions: Our findings suggest that
SRGN plays a pivotal role in tumor-stromal interaction and reprogramming into an aggressive and immunosuppressive

tumor microenvironment in TTF-1-negative LUAD.

Thyroid transcription factor-1 (TTF-1), also known as NKX2-1, is a
homeodomain transcription factor required for lung morphogen-
esis and epithelial cell differentiation (1). TTF-1 is amplified in
10%-15% of lung adenocarcinoma (LUAD) and plays a crucial role
as a lineage-survival oncogene in LUAD (2-5). On the other hand,
TTF-1 also possesses tumor-suppressive functions such as inhi-
bition of metastasis and tumorigenesis induced by oncogenic
Kirsten rat sarcoma viral oncogene (KRAS) as well as regulation
of epithelial differentiation status (6,7). TTF-1-negative LUAD, ac-
counting for approximately 20% of LUAD (8-10), is associated
with worse clinical outcomes (9-14) and exhibits a low frequency
of actionable genomic alterations, including Epidermal growth
factor receptor (EGFR) mutation (9,12,15). Because loss of Ttf-1 in
murine lung tumors is not sufficient to induce metastasis (16),
the mechanisms underlying acquisition of aggressive properties
of TTF-1-negative LUAD are not well understood.

In this study, we initially compared the transcriptomic and
proteomic profiles of 41 LUAD cell lines to identify molecular
features associated with TTF-1-negative LUAD. Serglycin (SRGN)
was identified as a markedly overexpressed gene in TTF-1-neg-
ative LUAD cell lines. SRGN is a chondroitin sulfate proteogly-
can expressed in most hematopoietic cells and plays an
intricate role in inflammation by interacting with many inflam-
matory mediators, including proteases, chemokines, cytokines,
and growth factors (17,18). SRGN is also expressed in several
types of epithelial cancers with aggressive phenotypes (19-23).
We thus further investigated the functional relevance and regu-
lation of SRGN in TTF-1-negative LUAD.

Methods

Detailed experimental procedures are provided in the
Supplementary Methods (available online).

Tissue Samples

All human tissue samples were obtained following institutional
review board approval and informed consent. Set 1 comprised
94 surgically resected LUAD tumor specimens collected at The
University of Texas MD Anderson Cancer. Set 2 comprised 105
surgically resected LUAD tumor specimens collected at the
Nagoya University Hospital. An additional set of tumor tissues
from 17 SRGN-positive and 11 SRGN-negative surgically
resected LUAD, collected at the Aichi Cancer Center Hospital,
was used for the elastic Verhoeff-Van Gieson staining and CD31
immunohistochemical staining.

Mouse Models

All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at MD Anderson

and Aichi Cancer Center. Details are found in the Supplementary
Methods (available online).

Statistical Analysis

Categorical data were compared using Fisher’s exact test or
a y* test. Continuous variables were compared using the Mann-
Whitney U test or an unpaired t test. Spearman correlation
was used to assess the correlation between 2 continuous
variables.

Analyses were carried out using Prism 7 software (GraphPad)
and the R computing language. A 2-sided statistical significance
level of .05 was used for all statistical analyses. Details on analy-
sis of gene expression data, survival analysis, and cluster analy-
sis are provided in the Supplementary Methods (available
online).

Results

Comparison of Molecular Profiling of TTF-1-Positive and
-Negative LUAD Cell Lines

Based on TTF-1 protein (Figure 1, A) and mRNA expression
levels (GSE32036 and GSE63882), we classified 19 LUAD cell lines
as TTF-1-positive and 22 as TTF-1-negative (Supplementary Table
1, available online). TTF-1-negative expression status was associ-
ated with lower frequency of EGFR mutation, Liver kinase B1
(LKB1) inactivation, and more aggressive migratory and invasive
properties (Figure 1, B; Supplementary Table 1, available online)
(24).

To identify molecular features associated with TTF-1-nega-
tive LUAD, we compared the gene expression profiles of TTF-1-
positive and -negative LUAD cell lines. SRGN, encoding a chon-
droitin sulfate proteoglycan Serglycin, was the most statistically
significantly overexpressed gene in TTF-l-negative cell lines
compared with TTF-1-positive cell lines (average log, intensity
[SD] = 9.90 [3.61] for TTF-1-negative and 4.52 [2.46] for TTF-1-
positive cell lines, respectively; P < .001, significance analysis of
microarrays) and showed a strong inverse correlation with TTF-1
gene expression (Spearman correlation coefficient r = —0.68 and
P <.001) (Figure 1, C and D; Supplementary Table 2, available on-
line). Proteomic profiling of 3 cellular compartments (conditioned
media, whole-cell extracts, and cell surface proteins) of 41 LUAD
cell lines (25) revealed that SRGN was secreted into the extracel-
lular space and markedly increased in TTF-1-negative cell lines
(average normalized tandem mass spectrometry counts [SD] in
the conditioned media = 51.79 [79.22] for TTF-1-negative and
5.55 [24.17] for TTF-1-positive cell lines, respectively; P < .001,
Mann-Whitney U test; Figure 1, E and F). SRGN protein expres-
sion in the conditioned media of LUAD cell lines was further con-
firmed by immunoblotting (Figure 1, G and H).

ARTICLE



https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab183#supplementary-data

>
=
=
0
=
]

292 | JNCIJ Natl Cancer Inst, 2022, Vol. 114, No. 2

B B
A £ g
n e - w oo e e -] m oo ] o oo S = 2 T ~2nwnn
WM on o NoRYeIEEIRT,, YOG ONCRS NN -] = @ Smone o000 ao
NBB T NS eNRMmMncN RO NGO ENT O D n o~ rwowmoewodTscaTnnn
cn-—-—sgga-—%on-—-——sa Egﬂlnnu-—-—wme«-— == E-—e—ra—ﬁlw--a
AR EE R EEEE RN RS R A S - 3 =
QULLULOLOUOLLOULOLOLULUUL CLULLULLOLLLLULLLULLOLDOLOOLO CLUOLLVLLULLOLULOLLOLOLUO
ZZZIIIZZIZTZZZZZIO OIZZZZZZZTZZZTZOZZ O ZZZZOZZTZTZTZTZ
}— 50
S C2
TTF-1 - - . :

- |—25

p-actin “---—-1 l—-—‘-—- ‘ \-—-—-—-'l:‘:

B Migration Invasion C 55 SRGN
150 P<.001 0 pegos | T 4] CrNATARR 5
£ 800 . 3 CEareb .
5 100 . & > 3 iy
= Sage .
g 3 Q
=] . -
E Z e 24
50 o
*® 8 2
H T 1
6 5 432410123458
Pty =log, (fold change)
&
D
16 Ce: aunr::oe
=14 = L
= g 12 E v f
g .E 10 e § 5 i3
W 8 . 1% xE gm
g g 1
3 =1
2

SRGN TTF-1 positive

> —T T ——E R
34 ’ THIVIHIHIHIE
g SIITZERAITZEESIISIFEI S
n‘s 500000000003000000000
— - ZZTZTIITITZTZTITZT ZZZIIZZZZ"(DII
22
3 - 250
1 ; SRGN

oy DOt . s A : - — 100
£ 5 4 3 2414 01 2 3 4 5 8

-log, (fold change)

T
3

i
:

r =069

2 W . % ditiiii MRttt
T . 285222222982 $8288582888
£
Eoamig® . . " E‘—w
S
- SRGN =<
L]
o 100 00 300
Normalized
MS/MS counts

Figure 1. Expression of Serglycin (SRGN) in lung adenocarcinoma (LUAD) cell lines. A) Immunoblot analysis of Thyroid transcription factor 1 (TTF-1) in LUAD cell lines.
H3255 cell lysates were used as a TTF-1-positive control. f-Actin served as a loading control. B) Cell migration and invasion in TTF-1-positive and —negative LUAD cell
lines. Data are not available for 5 TTF-1-positive and 2 -negative LUAD cell lines (24). C) Volcano plot of genes differently expressed between TTF-1-positive and -nega-
tive LUAD cell lines. The x-axis is log, fold-change in gene expression between TTF-1-negative and —positive LUAD cell lines, and the y-axis is logjo P values adjusted
for false discovery rate (FDR) based on the Benjamini and Hochberg method (Supplementary Table 2, available online). D) (Left) mRNA expression of SRGN in TTF-1-
positive and -negative LUAD cell lines. (Right) Correlation between TTF-1 and SRGN mRNA expression in LUAD cell lines. E) SRGN protein expression levels in 3 cellular
compartments, including conditioned media, whole-cell extracts (WCE), and cell surface proteins, from TTF-1-positive and -negative LUAD cell lines based on normal-
ized tandem mass spectrometry (MS/MS) spectral counts. F) Volcano plot of secreted proteins (normalized MS/MS counts >1; n = 2809) differently expressed between
TTF-1-positive and -negative LUAD cell lines. The x-axis is log, fold-change in normalized MS/MS counts between TTF-1-negative and -positive LUAD cell lines, and
the y-axis is logyo P values calculated by the Mann-Whitney U test. G) Immunoblot analysis of SRGN expression in the conditioned media from TTF-1-positive and -
negative LUAD cell lines. Conditioned media from H2030 cells were used as SRGN-positive controls. H) Correlation of SRGN protein expression quantified by immuno-
blotting and mass spectrometry. Signal intensity of SRGN in immunoblotting was measured by Image]. In B, D (left) and E, horizontal lines indicate mean values and
SD, and P values were calculated using Mann-Whitney U test. In D (right) and H, correlation coefficients and P values were calculated using Spearman correlation test.
All statistical tests were 2-sided.
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SRGN Expression and Prognosis in LUAD

We next examined SRGN and TTF-1 protein expression using a
tissue microarray of 94 LUAD tumors (set 1; Table 1). SRGN ex-
pression was inversely associated with TTF-1 expression
(Figure 2, A and B). SRGN-positive LUAD exhibited worse
disease-free survival and worse overall survival (OS) (Figure 2,
C). In addition, SRGN expression was a statistically independent
predictor of OS (multivariable Cox regression analysis, hazard
ratio = 4.22, 95% confidence interval = 1.12 to 15.86, P = .03)
(Table 2), suggesting SRGN as a potential prognostic biomarker
for LUAD. Association of SRGN expression with TTF-1 expres-
sion and OS was validated in an independent set consisting of
105 surgically resected Japanese LUAD patients (set 2; Table 1;
Figure 2, D and E). Although overall SRGN positivity rate was
higher in set 2 (49 of 105 LUAD; 46.7%) compared with set 1 (9 of
94 LUAD; 9.6%), the SRGN positivity rate in set 2 was consistent
with the previous study in which SRGN was positive in tumor
cells of 39 (48.1%) of 81 Taiwanese non-small cell lung cancer
patients (19), suggesting potential molecular diversity between
Caucasian and Asian LUAD patients (26-29).

Interestingly, assessment of immune profiles of LUAD
tumors in set 1 revealed higher expression of Programmed cell
death 1 ligand 1 (PD-L1) in tumor cells and higher infiltration of
Programmed cell death protein 1 (PD-1)-positive T lymphocytes
in SRGN-positive tumors (Figure 2, F and G), suggesting an im-
munosuppressive tumor microenvironment in SRGN-positive
LUAD.

Analysis of SRGN Function in Vitro and in Vivo

To elucidate the impact of cancer cell-derived SRGN on the tu-
mor microenvironment, we compared the secretome of SRGN-
positive (n=14) and SRGN-negative (n=24) LUAD cell lines

Table 1. Clinical characteristics in the 2 tissue sample sets

Set1 Set 2

Clinical characteristics No. (%) No. (%)
Total 94 105
Sex

Male 47 (50.0) 68 (64.8

Female 47 (50.0) 37 (35.2)
Age

>65y 39 (41.5) 80 (76.2

<65y 55 (58.5) 25 (23.8
Smoking status

Smoker (current and former) 82 (87.2) 67 (63.8

Nonsmoker 12 (12.8) 38 (36.2)
Stage

I 56 (59.6) 61 (58.1)

1 21(22.3) 22 (21.0)

11 17 (18.1) 17 (16.2)

v 0(0.0) 5(4.8)
Mutation®

KRAS 28 (30.1) —

EGFR 14 (15.1) 40 (40.8)

Wwild type 51 (54.8) 58 (59.2)
TTF-1immunostaining

Positive 62 (66.0) 70 (66.7)

Negative 32 (34.0) 35(33.3)

@ Mutations were not investigated in 1 sample in set 1 and 7 samples in set 2.
KRAS mutation was not analyzed in set 2.
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(Supplementary Table 3, available online). Several cytokines, in-
cluding C-X-C motif chemokine 1 (CXCL1), Interleukin-6 (IL-6),
and Interleukin-8 (IL-8), were highly abundant in the secretome
of SRGN-positive LUAD cell lines compared with SRGN-negative
LUAD cell lines (Supplementary Table 4, available online).
Knockdown of SRGN decreased both mRNA and protein levels
of CXCL1, IL-6, and IL-8 as well as PD-L1 gene expression
(Figure 3, A and B; Supplementary Figure 1, A and B, available
online). Knockdown of SRGN did not affect cell growth but
reduced cell migration and invasion (Figure 3, C and D;
Supplementary Figure 1, C, available online), as recently
reported (19).

To further determine SRGN-mediated interactions of cancer
cells with cells in the tumor microenvironment, we cultured fi-
broblast cell line WI-38 and umbilical vein endothelial cells
(HUVECSs) using conditioned media from SRGN-positive LUAD
cell lines with or without SRGN knockdown. SRGN was not
expressed in WI-38 cells but weakly expressed in HUVEC cells
(Figure 3, E). Conditioned media from SRGN-positive LUAD cell
lines, but not conditioned media from these same cell lines after
SRGN knockdown, increased migratory and invasive properties
of WI-38 cells (Figure 3, F; Supplementary Figure 1, D, available
online), indicative of activation of fibroblasts. In addition,
knockdown of CD44, a known receptor of SRGN, in WI-38 cells
suppressed migration and invasion induced by cancer cell-de-
rived SRGN (Figure 3, G and H), suggesting a critical role of
SRGN/CD44 axis in fibroblast activation. Whereas SRGN was
weakly expressed in HUVEC cells (Figure 3, E), conditioned me-
dia from SRGN-positive LUAD cell lines, except for H1793 cells,
markedly promoted tube formation of HUVEC cells (Figure 3, I;
Supplementary Figure 1, E, available online; data not shown for
H1793). H1793 cells are the only TTF-1 and SRGN-positive cell
line (Supplementary Table 3, available online) with low expres-
sion levels of IL-6, IL-8, and CXCL1 (Supplementary Figure 1, F,
available online). Despite lack of CD44 expression, IL-6 receptor
(IL6R), C-X-C chemokine receptor 1 (CXCR1), and C-X-C chemo-
kine receptor 2 (CXCR2), receptors of IL-6, IL-8, and CXCL1, were
expressed in HUVEC cells (Figure 3, E). Both IL6R inhibitor tocili-
zumab and CXCR1/2 inhibitor reparixin reduced tube formation
induced by cancer cell-derived SRGN in a dose-dependent fash-
ion and showed additive effects when combined (Figure 3, J),
suggesting that these SRGN-regulated cytokines play an impor-
tant role in promoting blood vessel remodeling in the tumor mi-
croenvironment. Coinjection of DFCI024 cells with WI-38 cells
or HUVEC cells activated by conditioned media from DFCI024
cells markedly promoted growth of subcutaneous DFCI024 xen-
ografts in nude mice (Figure 3, K), indicating relevance of recip-
rocal interaction of LUAD cells with their microenvironment in
tumor progression. On the other hand, ex vivo experiments
revealed that cancer cell-derived SRGN did not induce PD-1 ex-
pression in activated T cells (data not shown). These findings
suggest that other immunosuppressive factors in the tumor mi-
croenvironment, such as IL-10 and Transforming growth factor
beta, may induce expression of PD-1 in tumor-infiltrating
lymphocytes.

We next examined the effect of SRGN on the tumor microen-
vironment in vivo using an immunocompetent syngeneic tu-
mor mouse model with orthotopic transplantation of 393P
mouse LUAD cell line in which either Ttf-1 or Srgn was not
expressed (Supplementary Figure 2, A, available online). Tail
vein injection of parental 393P or a clone overexpressing mouse
Srgn revealed that Srgn had increased tumor burden as well as
the number and size of tumors in mouse lungs (Figure 4, A-E).
Although Srgn also promoted growth of subcutaneously
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Figure 2. Association of Serglycin (SRGN) expression and survival of lung adenocarcinoma (LUAD) patients. A) Representative images of immunohistochemical analysis
of SRGN and Thyroid transcription factor 1 (TTF-1) in set 1. Arrows indicate tumor cells, arrowheads indicate alveolar type II epithelial cells with nuclear TTF-1 expres-
sion, and dashed arrows indicate SRGN expression in inflammatory cells of the tumor stroma. Scale bars represent 200 um. B) SRGN and TTF-1 expression in set 1
(n=94). P values were calculated by Fisher’s exact test. C) Kaplan-Meier survival curves for disease-free survival (left) and overall survival (right) in set 1, stratified
according to protein expression of SRGN (SRGN-negative, n =85; SRGN-positive, n =9). P values were calculated using Gehan-Breslow-Wilcoxon test. D) SRGN and TTF-
1 expression in set 2. P values were calculated by Fisher’s exact test. E) Kaplan-Meier survival curves for overall survival in set 2, stratified according to protein expres-
sion of SRGN (SRGN-negative, n = 56; SRGN-positive, n =49). P values were calculated using Gehan-Breslow-Wilcoxon test. F) Programmed cell death 1 ligand 1 (PD-L1)
expression in tumor cells and (G) CD4, CD8, CD68, and Programmed cell death protein 1 (PD-1) expression in tumor-infiltrating lymphocytes in the SRGN-positive
(n=6) and SRGN-negative (n =60) LUAD in set 1. Horizontal lines indicate median values, and P values were calculated using Mann-Whitney U test. All statistical tests

were 2-sided.

transplanted 393P tumors (Supplementary Figure 2, B, available
online), spontaneous metastasis was not observed by 5 weeks,
suggesting that interaction between lung microenvironment
and tumor cells may be critical in development of metastasis.
We found increased fibrosis in Srgn-overexpressing tumors
(Figure 4, F; Supplementary Figure 2, C, available online), sug-
gesting increased production and remodeling of the extracellu-
lar matrix as the consequence of fibroblast activation. Blood
vessels were larger in Srgn-overexpressing tumors (Figure 4, G;
Supplementary Figure 2, C and D, available online), suggesting
the occurrence of blood vessel remodeling. Remodeling of the

microenvironment was also observed in SRGN-positive human
LUAD tumors (Figure 4, H-J; Supplementary Figure 2, E, available
online).

Consistent with the findings in the human LUAD tissue mi-
croarray (set 1), the number of PD-1-positive T lymphocytes was
greater in Srgn-overexpressing tumors compared with control
tumors, whereas no tumor cells or immune cells were positive
for PD-L1 staining in this mouse model (Figure 4, K;
Supplementary Figure 2, C, available online). However, PD-1
blockade inhibited growth of Srgn-overexpressing tumors
(Figure 4, L; Supplementary Figure 2, F, available online),
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Table 2. Univariate and multivariable analysis of overall survival in
set1

Univariate analysis Multivariable analysis

Variable HR (95% CI) p? HR (95% CI) P2
Sex

Female 1.00 (Reference) 1.00 (Reference)

Male 1.28(0.52t03.16) .59 0.73(0.26t02.01) .54
Age

<65years 1.00 (Reference) 1.00 (Reference)

>65 years 0.62(0.23t01.63) .33 0.66(0.23t01.84) .43

Smoking status
Never smoker  1.00 (Reference) 1.00 (Reference)
Former smoker 0.98 (0.25to03.55) .93 0.44(0.11t01.83) .26
Current smoker 0.96 (0.25t03.63) .95 0.23(0.05to1.11) .07

Stage
I 1.00 (Reference) 1.00 (Reference)
II 541 (1.63t017.93) .006 6.06 (1.71to 21.46) .005
I 9.04 (2.64 to 31.03) <.001 16.57 (4.01 to 68.31) <.001
TTF-1 expression
Positive 1.00 (Reference) 1.00 (Reference)
Negative 2.75(1.11t06.76) .03 2.51(0.90t07.00) .08
SRGN expression
Negative 1.00 (Reference) 1.00 (Reference)
Positive 3.32(1.10t010.02) .03 4.22(1.12t0 15.86) .03

@ P values were calculated by likelihood ratio test. All tests were 2-sided. CI =
confidence interval; HR = hazard ratio.

suggesting the occurrence of immunosuppressive tumor micro-
environment in Srgn-overexpressing tumors. The numbers of
CD4" or CD8" T lymphocytes and macrophages were not differ-
ent between Srgn-overexpressing tumors and control tumors
(Supplementary Figure 2, B and C, available online).

Regulatory Mechanism of SRGN Gene Expression

Next, we investigated regulation of SRGN expression in LUAD.
Ingenuity Pathway Analysis (http://www.ingenuity.com/) for
genes increased in SRGN-positive cell lines compared with
SRGN-negative cell lines (Supplementary Tables 3 and 5, avail-
able online) identified Nuclear factor erythroid 2-related factor 2
(NRF2)-mediated oxidative stress response as the most statisti-
cally significantly associated pathway (—log[P value] = 11.0,
Fisher’s exact test) (Supplementary Figure 3, A, available online).
Kelch-like ECH-associated protein 1 (KEAP1) mutation and sub-
sequent activation of NRF2, a master transcription factor of the
antioxidant response, have been associated with TTF-1-nega-
tive LUAD (13). Interestingly, SRGN was highly overexpressed in
LUAD cell lines with KEAP1 mutation (Supplementary Figure 3,
B, available online). TTF-1 overexpression or NRF2 knockdown
decreased SRGN expression at both mRNA and protein levels as
well as the activity of luciferase reporter containing the 1.8-kb
SRGN promoter region (Figure 5, A and B; Supplementary Figure
3, C and D, available online). On the other hand, TTF-1 and/or
KEAP1 knockdown did not induce SRGN expression in TTF-1-
positive cell lines (Supplementary Figure 3, E, available online),
suggesting the occurrence of additional regulatory mechanisms
for suppressing SRGN expression in TTF-1-positive LUAD.
Neither overexpression nor knockdown of SRGN altered TTF-1
mRNA expression (Supplementary Figure 3, F, available online).
We hypothesized that DNA methylation may regulate SRGN
gene expression in LUAD. Given that analyses of global DNA
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methylation in tumor tissues have identified distinct subtypes
of LUAD (27), we first examined the association of genome-wide
DNA methylation profiles with cell line characteristics using
our previous DNA methylation array data of 35 LUAD cell lines
(GSE63940) (24). Interestingly, unsupervised hierarchical cluster-
ing analysis revealed that DNA methylation patterns of the
most variable probes formed 2 distinctive clusters that were
most statistically significantly associated with TTF-1 expression
status (P < .001, Fisher’s exact test) (Figure 5, C). Methylation
levels of 4 of 5 CpG sites in the SRGN promoter region were sta-
tistically significantly and inversely correlated with SRGN
mRNA expression levels (r = —0.61, P < .001 for c¢g27208307; r =
—0.58, P < .001 for cg18278184; r = —0.69, P < .001 for cg13445486;
and r = —0.64, P < .001 for cg17342283, Spearman correlation;
Figure 5, D; Supplementary Figure 3, G and H, available online).
Treatment with DNA methylation inhibitor 5-aza-2’-deoxycyti-
dine (5-Aza-dC) markedly increased SRGN mRNA expression
levels and decreased methylation levels of the 5 CpG sites in the
SRGN promoter region (Figure 5, E). Whereas knockdown of DNA
methyltransferases indicated a crucial role of DNA
Methyltransferase 1 (DNMT1) in silencing SRGN gene expression
(Figure 5, F), gene expression levels of DNA methyltransferases
were not associated with TTF-1 expression status or SRGN gene
expression levels (Supplementary Figure 3, I and J, available on-
line), suggesting that additional factors may determine DNA
methylation status in the promoter region of the SRGN gene.

Analysis of Methionine Metabolism in Regulating SRGN
Gene Expression

We found that Nicotinamide N-methyltransferase (NNMT) was
overexpressed in the whole-cell extracts of TTF-1-negative
LUAD cell lines (Figure 6, A). NNMT is a cytosolic enzyme that
can impair the methylation potential by consuming S-adenosyl
methionine (SAM), the primary methyl group donor for DNA
methylation in the methionine cycle (30). In line with the find-
ings, intracellular SAM levels were decreased in TTF-1-negative
LUAD cell lines (Figure 6, B). As opposed to previous studies
(31,32), SAM levels were decreased in LUAD cell lines with LKB1
inactivation (Supplementary Figure 3, K, available online), pos-
sibly due to different expression of SAM-consuming enzymes
among LUAD cell lines, because SAM is one of the most widely
used enzyme substrates in diverse biological processes.
Knockdown of NNMT decreased SRGN mRNA expression levels
and increased SAM levels, whereas overexpression of NNMT in-
creased SRGN mRNA expression levels and decreased SAM lev-
els (Figure 6, C), suggesting that NNMT may determine the
availability of SAM for DNA methylation and SRGN gene expres-
sion levels.

Analysis of stable-isotope tracer studies after exposure to
13C- and *N-labeled methionine confirmed sequestration of the
methyl group from SAM to 1-methylnicotinamide, a product of
NNMT, in TTF-1-negative LUAD cell lines (Figure 6, D). Recycling
of methionine occurs via the remethylation of homocysteine by
methionine synthase and can be assessed through enrichment
of the M+5 isotopologue of methionine or SAM. Our tracer
analysis also indicated that enrichment at the M + 5 position for
methionine and SAM was very low in all LUAD cell lines
(Figure 6, D), suggesting limited methionine recycling, possibly
due to constitutive activation of transsulfuration pathway to
maintain the cellular cysteine pool (33) and greater dependence
on exogenous supply of methionine or protein catabolism. We
then examined the effects of methionine deficiency on SRGN
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Figure 3. The regulatory role of Serglycin (SRGN) on expression of proinflammatory cytokines and cancer cell-stromal cell interaction via SRGN in Thyroid transcription
factor 1 (TTF-1)-negative lung adenocarcinoma (LUAD). A) mRNA expression levels of C-X-C motif chemokine 1 (CXCL1), Interleukin-6 (IL-6), Interleukin-8 (IL-8),
Programmed cell death 1 ligand 1 (PD-L1), and SRGN in H2030 and DFCI024 cell lines with SRGN knockdown. B) Levels of CXCL1, IL-6, and IL-8 in the conditioned media
from H2030 and DFCI024 cell lines with SRGN knockdown. C) Cell proliferation, migration, invasion, and D) scratch assays in H2030 and DFCI024 cells with SRGN knock-
down. E) Immunoblot analysis of SRGN, CD44, C-X-C chemokine receptor 1 (CXCR1), C-X-C chemokine receptor 2 (CXCR2), and IL-6 receptor (IL6R) expression in umbili-
cal vein endothelial cells (HUVEC) and WI-38 cell lines. Conditioned media and cell lysates of H2030 and H3255 were used as positive and negative controls for SRGN
and CD44, respectively. f-Actin served as a loading control. F) Migration and invasion assays in WI-38 cells, cultured in the conditioned media from H2030 and DFCI024
cells treated with negative control siRNA or SRGN siRNA. G) Immunoblot analysis of CD44 expression in WI-38 cell lines treated with negative control siRNA or CD44
siRNA. H) Migration and invasion assay in WI-38 cells with CD44 knockdown, cultured in the conditioned media from H2030 and DFCI024 cells. I) Tube formation assay
of HUVEC cells cultured in the conditioned media from H2030 and DFCI024 cells treated with negative control siRNA or SRGN siRNA. J) Tube formation assay of HUVEC
cells with CXCR1/2 inhibitor reparixin and/or IL6R inhibitor tocilizumab, cultured in the conditioned media from H2030 and DFCI024 cells. K) Tumor volumes in nude
mice 4 weeks after subcutaneous injection with DFCI024 cells alone, with WI-38 cells or with HUVEC cells (n =5 per group). Before coinjection, WI-38 and HUVEC cells
were cultured for 96 hours with conditioned media from DFCI024 cells. Horizontal lines indicate mean and SD. P values were calculated using Mann-Whitney U test. In
A-C, F, H-J, experiments have been performed with at least 3 independent biological repeats. Columns indicate the average of triplicate samples from a representative
experiment, and bars indicate SD. P values were calculated using unpaired t test, compared with siControl (A-C, F, H, and I) and with control (black) (). CM = condi-

tioned media. All statistical tests were 2-sided.
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Figure 4. The contribution of Serglycin (Srgn) to tumor progression and reprogramming of tumor microenvironment in vivo. A) Immunoblot analysis of mouse Srgn us-
ing Myc-tag antibody in a control clone and a 393P-derived clone stably expressing mouse Srgn. B) Tumor volumes in mice 2 weeks after tail vein injection of Srgn-over-
expressing 393P and control 393P cells (n=8 per group). Tumor volumes were determined using the Seg3D tool. C) Representative hematoxylin and eosin (H&E)
staining of lung sections from mice injected with Srgn-overexpressing 393P clone and control cells. Scale bars represent 4mm. D) Tumor burden and E) number of
tumors were assessed in 6 mice with SRGN-overexpressing tumors and 5 mice with control tumors. Tumor burden was defined as the percentage of area of tumors in
H&E staining of lung sections and was quantified using Aperio ImageScope software. F) Tumor fibrosis was assessed by Masson’s trichrome staining in 6 mice with
SRGN-overexpressing tumors and 3 mice with control tumors. (G) CD31-positive vessel area was measured using Aperio ImageScope software in 6 mice with SRGN-
overexpressing tumors and 5 mice with control tumors. H) Representative images of SRGN and CD31 immunohistochemical staining and Elastica van Gieson (EVG)
staining in SRGN-positive (#303066) and -negative (#501359) LUAD tumors. Scale bars represent 100 um. I) Tumor fibrosis assessed by EVG staining and (J) CD31-positive
vessel area in 17 SRGN-positive and 11 negative LUAD tumors. CD31-positive vessel area was measured using Hybrid Cell Count software. K) Number of PD-1-positive
T lymphocytes in 6 mice with SRGN-overexpressing tumors and 5 mice with control tumors. L) Tumor volumes in mice 4 weeks after tail vein injection of Srgn-overex-
pressing 393P cells with or without intraperitoneal administration of anti-PD-1 antibodies (n =5 per group). Tumor volumes were measured using Image J software. In
B, D-G, I-L, horizontal lines indicate mean and SD. P values were calculated using Mann-Whitney U test. All statistical tests were 2-sided.

gene expression. Compared with the standard cell culture con- expression levels on subsequent addition of methionine
ditions with 100 uM methionine, SRGN gene expression levels (Figure 6, E and F). However, neither overexpression of NNMT
were increased at 10uM methionine with decreasing DNA nor methionine deficiency increased protein levels of proin-
methylation levels in the SRGN promoter region, and the in- flammatory cytokines in the conditioned media of TTF-1-posi-

creased SRGN gene expression returned to close to the baseline tive LUAD cell lines (Supplementary Figure 3, L and M, available
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Figure 5. Regulation of Serglycin (SRGN) gene expression by DNA methylation. Immunoblot analyses of SRGN expression in the conditioned media from H2030 and
DFCI024 cell lines A) after TTF-1 overexpression and B) treated with negative control siRNA or NRF2 siRNA. Experiments have been performed with at least 3 indepen-
dent biological repeats. C) Hierarchical clustering analysis of the top 15% methylated CpG sites (n =4137) of an Illumina Infinium HumanMethylation27 BeadChip mi-
croarray in 35 LUAD cell lines. P values were calculated using Fisher’s exact test. C1 and C2, clusters 1 and 2. D) Correlation of SRGN mRNA expression and the
methylation levels of the 5 CpG sites in the SRGN promoter region in 41 LUAD cell lines. Correlation coefficients and P values were calculated using Spearman correla-
tion test. To adjust P values for multiple comparisons, the Bonferroni correction was conducted. E) Quantitative reverse transcription polymerase chain reaction (RT-
PCR) analysis of SRGN mRNA expression levels (left) and the methylation levels of the 5 CpG sites in the SRGN promoter region (right) after treatment with 5-Aza-dC at
2 pM in H3255 and H920 cell lines. F) Quantitative RT-PCR analysis of DNA methyltransferase 1 (DNMT1), DNMT3A, DNMT3B, and SRGN mRNA expression levels in H920
cells treated with negative control siRNA or siRNA against DNMT1, DNMT3A, or DNMT3B. In E and F, experiments have been performed with at least 3 independent bio-
logical repeats. mRNA expression was presented as the average and SD of triplicate samples from a representative experiment. All statistical tests were 2-sided.

online), suggesting cell lineage-specific regulation of cytokine
expression in LUAD cell lines. Expression levels of NNMT mRNA
were higher in SRGN-positive tumors compared with SRGN-
negative tumors in set 1 (Figure 6, G), further supporting the no-
tion that SRGN is epigenetically dysregulated through NNMT-
induced perturbation of methionine metabolism in TTF-1-nega-
tive LUAD.

Discussion

We have demonstrated that SRGN contributes to the aggressive-
ness of TTF-1-negative LUAD (Figure 6, H). Cancer cell-derived
SRGN regulated expression of PD-L1 and pro-inflammatory
cytokines, including CXCL1, IL-6, and IL-8. These play important
and intricate roles in tumor-stromal interaction and cause
reprogramming into an aggressive and immunosuppressive tu-
mor microenvironment, which contributes to poor outcomes in
TTF-1-negative LUAD.

SRGN expression was transcriptionally activated by NRF2
and epigenetically induced through NNMT-induced perturba-
tion of methionine metabolism in TTF-1-negative LUAD

(Figure 6H). Given that NRF2 activity may be enhanced in a non-
genomic fashion such as through decreased expression of TTF-
1-regulated RNA-binding motif protein 47 (34) or epigenetic si-
lencing of KEAP1 (35), SRGN may be an important epigenetic
driver (36) in TTF-1-negative LUAD without actionable driver
mutations. In addition, Guo et al. (19) demonstrated that SRGN/
CD44 axis promotes stemness via Nanog induction, leading to
increased chemo and anoikis resistance and poor survival in
non-small cell lung cancer. Because LUAD with NRF2 activation
also exhibits a stem-like phenotype (37) and worse prognosis
(38-40), NRF2 may in part promote aggressiveness of TTF-1-neg-
ative LUAD through induction of SRGN. On the other hand, aber-
rant KEAP1-NRF2 pathway activation has been associated with
decreased T-cell infiltration (41) and resistance to immune
checkpoint blockade in LUAD (40,42). Conversely, we observed
higher PD-L1 expression in tumor cells and higher infiltration of
PD-1-positive T lymphocytes in SRGN-positive tumors, suggest-
ing the occurrence of immune-inflamed tumor microenviron-
ment, which shows better response to immune checkpoint
blockade (43). We indeed demonstrated inhibitory effects of PD-
1 blockade on growth of Srgn-overexpressing tumors in a
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Figure 6. Induction of Serglycin (SRGN) expression by impaired methionine metabolism in Thyroid transcription factor 1 (TTF-1)-negative lung adenocarcinoma
(LUAD). A) Nicotinamide N-methyltransferase (NNMT) protein expression levels in the whole-cell extracts (WCE) of TTF-1-positive and —-negative LUAD cell lines based
on normalized mass spectrometry (MS/MS) spectral counts. B) S-adenosyl methionine (SAM) levels in TTF-1-positive and —negative LUAD cell lines. SAM levels were
normalized according to total protein concentration. C) SRGN mRNA expression levels and SAM levels after NNMT knockdown in H2030 cells or overexpression in
H3255, H920, and HCC827 cells. D) Schema of the methionine cycle and methionine metabolic flux in LUAD cell lines 8 hours after exposure to **C- and *°N-labeled me-
thionine. E) SRGN mRNA expression levels in H3255, H920, and HCC827 cell lines cultured with 100 uM methionine (control), 10 yM methionine (low methionine), and
10 uM methionine for 8 days followed by 100 uM methionine for 8 days (recovery). F) Quantitative polymerase chain reaction (PCR) analysis of DNA methylation in the
SRGN promoter region after treatment with 5-Aza-dC or low methionine. At the Chr10: 70847430 (hg19) in the promoter region of the SRGN gene where methylation
was presented in H920 cells, the methylation-sensitive enzyme Hpall did not digest the DNA at this site, whereas methylation-insensitive enzyme Mspl did digest
DNA at this site. Quantitative PCR was conducted after DNA was digested by Hpall or Mspl. Both 5-Aza-dC and low methionine (10 uM) treatment statistically signifi-
cantly decreased DNA methylation at this site in H920 cells. All results were obtained from 3 repetitive experiments with 3 replicates. G) mRNA expression levels of
NNMT in the SRGN-positive (N=7) and SRGN-negative (N =72) LUAD tumors in the tissue microarray for whom NNMT gene expression data are available. H) A sche-
matic model showing that NNMT-induced perturbation of methionine metabolism induces SRGN-mediated reprogramming of tumor microenvironment in TTF-1-neg-
ative LUAD. Overexpression of NNMT consumes the SAM pool available for DNA methylation in TTF-1-negative LUAD, and impaired methionine metabolism results in
induction of SRGN gene expression through loss of DNA methylation in the promoter region of the SRGN gene and transcriptional activation by Nuclear factor ery-
throid 2-related factor 2 (NRF2). Cancer cell-derived SRGN regulates expression of Programmed cell death 1 ligand 1 (PD-L1) and pro-inflammatory cytokines including
Interleukin-6 (IL-6), Interleukin-8 (IL-8), and C-X-C motif chemokine 1 (CXCL1) in cancer cells, and reprograms tumor microenvironment via interaction with fibroblasts
and endothelial cells, leading to enhanced aggressiveness and immune suppression in TTF-1-negative LUAD. In A, B, and G, horizontal lines indicate median values,
and P values were calculated using Mann-Whitney U test. In C, E, and F, experiments have been performed with at least 3 independent biological repeats. Columns in-
dicate the average of triplicate samples from a representative experiment, and bars indicate SD. P values were calculated using unpaired t test compared with control
(C and E) and with undigested control (F). All statistical tests were 2-sided.
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syngeneic mouse model, suggesting the potential of SRGN as a
predictive biomarker for immune checkpoint blockade, which is
indicated for LUAD patients without actionable driver muta-
tions, either as monotherapy or in combination with chemo-
therapy (44).

Although SRGN plays an essential role in immune cells,
SRGN deficiency in mice does not affect longevity or fertility
(17,18,45), suggesting the promising potential of SRGN as a ther-
apeutic target. Despite the lack of SRGN inhibitors, which cur-
rently is a potential limitation of the study to hamper
immediate application to therapy, therapeutic strategies target-
ing a SRGN receptor CD44 (46) are currently under investigation
(47). Whereas specific NRF2 inhibitors are not currently avail-
able (48), based on preclinical data demonstrating glutamine de-
pendence (49,50), clinical trials of the glutaminase inhibitor CB-
839 are ongoing in KEAP1/NRF2-mutated, metastatic, nonsqua-
mous non-small cell lung cancer. In addition, a small-molecule
NNMT inhibitor has recently shown promise in targeting stomal
NNMT in an ovarian cancer mouse model (51). Given critical
roles of SRGN-mediated reprogramming of the microenviron-
ment in tumor progression, targeting other cellular and noncel-
lular components in the tumor microenvironment, such as
fibroblasts and extracellular matrix, and endothelial cells and
vasculature (52,53), may represent a promising therapeutic ap-
proach. A recent study has demonstrated that a subset of
cancer-associated fibroblasts with CD10 and GPR77 expression
promotes tumor formation and chemoresistance by sustaining
cancer stemness in lung and breast cancer (54). Because SRGN
induces stem-like properties in lung cancer cells (19), targeting
the CD10"GPR77" cancer-associated fibroblast subset with a
neutralizing anti-GPR77 antibody (54) as well as targeting cancer
stemness (55,56) could be also an effective therapeutic strategy
against SRGN-positive LUAD.

In conclusion, transcriptomic and proteomic characteriza-
tion of LUAD cell lines identified SRGN as a key molecule in
reprogramming the tumor microenvironment in TTF-1-nega-
tive LUAD, suggesting the potential of SRGN as a therapeutic
target and a biomarker for predicting clinical outcome as well as
response to immune checkpoint blockade.
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