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Abstract

Tissue inhibitor of metalloproteinase-1 (TIMP-1) is an important regulator of extracellular matrix turnover that
has been traditionally regarded as a potential tumor suppressor owing to its inhibitory effects of matrix metal-
loproteinases. Intriguingly, this interpretation has been challenged by the consistent observation that
increased expression of TIMP-1 is associated with poor prognosis in virtually all cancer types including lung
cancer, supporting a tumor-promoting function. However, how TIMP-1 is dysregulated within the tumor micro-
environment and how it drives tumor progression in lung cancer is poorly understood. We analyzed the
expression of TIMP-1 and its cell surface receptor CD63 in two major lung cancer subtypes: lung adenocarci-
noma (ADC) and squamous cell carcinoma (SCC), and defined the tumor-promoting effects of their interac-
tion. We found that TIMP-1 is aberrantly overexpressed in tumor-associated fibroblasts (TAFs) in ADC
compared to SCC. Mechanistically, TIMP-1 overexpression was mediated by the selective hyperactivity of
the pro-fibrotic TGF-b1/SMAD3 pathway in ADC-TAFs. Likewise, CD63 was upregulated in ADC compared
to SCC cells. Genetic analyses revealed that TIMP-1 secreted by TGF-b1-activated ADC-TAFs is both nec-
essary and sufficient to enhance growth and invasion of ADC cancer cells in culture, and that tumor cell
expression of CD63 was required for these effects. Consistently, in vivo analyses revealed that ADC cells co-
injected with fibroblasts with reduced SMAD3 or TIMP-1 expression into immunocompromised mice attenu-
ated tumor aggressiveness compared to tumors bearing parental fibroblasts. We also found that high TIMP1
and CD63 mRNA levels combined define a stronger prognostic biomarker than TIMP1 alone. Our results
identify an excessive stromal TIMP-1 within the tumor microenvironment selectively in lung ADC, and
thors. Published by Elsevier B.V. This is an open access article
ense (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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implicate it in a novel tumor-promoting TAF-carcinoma crosstalk, thereby pointing to TIMP-1/CD63 interaction
as a novel therapeutic target in lung cancer.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction

Lung cancer is the leading cause of cancer-
related deaths worldwide, with a 5-year survival rate
of »19% [1]. Histologically, non-small cell lung can-
cer (NSCLC) is diagnosed in up to 85% of lung can-
cer patients, and is subdivided into adenocarcinoma
(ADC; »50%), squamous cell carcinoma (SCC;
»40%), and other less frequent subtypes [2].
Although both ADC and SCC are epithelial in origin,
it is now clear that the fibrotic tumor microenviron-
ment or desmoplastic stroma rich in tumor-associ-
ated fibroblasts (TAFs) is a critical contributor to
tumor progression and resistance to therapies [3].
Lung TAFs are epigenetically reprogrammed and
exhibit an activated/myofibroblast-like phenotype
[4�6], which accounts for the excessive deposition
of fibrillar collagens and other pro-fibrotic extracellu-
lar matrix (ECM) components within the tumor
stroma [6,7]. Likewise, activated TAFs secrete ECM
degrading proteases and other ECM remodeling fac-
tors to ultimately facilitate cancer cell proliferation,
dissemination and angiogenesis [3,8]. Accordingly,
there is growing therapeutic interest in identifying
those TAF-dependent factors within the tumor
microenvironment that drive tumor progression.
Tissue inhibitor of metalloproteinases-1 (TIMP-1)

belongs to a family of four secreted proteins that are
generally expressed in the tissue stroma [9]. TIMP-1
was initially considered as a potentially favorable can-
cer biomarker because it was first discovered as a
natural inhibitor of matrix metalloproteinases (MMPs),
which facilitate cancer dissemination through proteo-
lytic degradation of the ECM; moreover, there is evi-
dence that TIMP-1 can also have inhibitory effects on
proliferation [10]. However, more recent studies have
identified a strong association between TIMP-1
expression and poor outcome in NSCLC [11], and
have reported that TIMP-1 is the only TIMP member
that is both markedly overexpressed and associated
with poor prognosis in lung cancer [9], thereby favor-
ing a tumor-promoting function. Likewise, TIMP-1 is
emerging as an important factor in orchestrating
tumor progression in other cancer types [9], since
both tissue and blood levels of TIMP-1 have been
consistently associated with poor prognosis in virtu-
ally all human cancers [11,12], which granted its
inclusion in a panel for early cancer detection [13]. In
addition, there is growing evidence that TIMP-1 may
promote cancer cell growth, invasion and even
metastasis through cytokine-like functions [14�16].
The diverse and often opposing functions of
TIMP-1 have been partially resolved by the identifi-
cation of its structure in two functionally independent
and physically distinct domains: the N-terminal
domain that binds to and inhibits MMPs, and the C-
terminal domain, which exhibits cytokine-like func-
tions by interacting with the cell surface receptor
CD63 [17], altogether rendering TIMP-1 functions
strongly context-dependent [12]. While TIMP-1 is
overexpressed in lung cancer, whether it interacts
with CD63 and how this may contribute to cancer
progression remains poorly understood. To address
this gap of knowledge, we analyzed the expression
of TIMP-1 and its major partner CD63, and investi-
gated the potential tumor-promoting effects of their
interaction in NSCLC.
Results
TIMP-1 expression in TAFs and CD63 expression
in cancer cells is markedly higher in ADC
compared to SCC patients

To analyze the potential role of TIMP-1 and CD63
in NSCLC, we first examined their mRNA levels in
whole tumor samples from ADC and SCC patients
using the Tissue Cancer Genome Atlas (TCGA)
RNA-seq database. Both TIMP1 and CD63 mRNA
levels were significantly higher in ADC compared to
SCC tissue (Fig. 1A-B). Moreover, TIMP1 mRNA
was significantly higher in tumor samples compared
to paired control tissue in ADC but not SCC
(Fig. 1C-D), whereas CD63 levels were significantly
lower in tumors compared to paired control tissue in
SCC but not ADC (Fig. 1E-F). These results reveal
an aberrant TIMP1 and CD63 expression in NSCLC
in which TIMP1 is overexpressed in ADC and its
potential partner CD63 is downregulated in SCC.

Previous studies have reported TIMP-1 expres-
sion in TAFs and cancer cells in lung cancer [18]. To
determine which cell type may contribute to TIMP1
overexpression in ADC, we compared TIMP1
mRNA between ADC and SCC in a panel of cancer
cell lines using the Sanger RNA-seq database and
in primary TAFs from our patient cohort (n = 15) by
qRT-PCR. All TAFs were activated with TGF-b1 for
3 days to mimic their ubiquitous activated/myofibro-
blast-like phenotype observed in patient samples
[6,19], and are referred to as activated TAFs

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 1. Expression of TIMP-1 and CD63 in lung ADC and SCC. A-F, RNA-seq data of TIMP1 and CD63 mRNA in
tumoral tissue (A-B) (515 ADC, 501 SCC), in ADC and paired control tissue (C, E) (58 ADC), and in SCC and paired con-
trol tissue (D, F) (51 SCC). G, RNA-seq data of TIMP1 mRNA expression in a panel of lung cancer cell lines (43 ADC, 12
SCC). H, TIMP1 mRNA level of TAFs (8 ADC, 9 SCC) activated with 2.5 ng/mL TGF-b1 for 3 days (here and thereafter
unless otherwise indicated). I, ELISA quantification of TIMP-1 protein (pg of TIMP-1/number of cells) secreted by cancer
cells (9 ADC) and TAFs (6 ADC, 8 SCC) activated with 2.5 ng/mL TGF-b1 for 3 days and subsequently maintained in
serum-free medium for 2 days. J, Fold (TAF/CF) secretion of TIMP-1 of ADC (n = 3; TAFs and CFs) and SCC (n = 3;
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hereafter. TIMP1 levels were comparable in ADC
and SCC cell lines (Fig. 1G), whereas they were sig-
nificantly higher in activated ADC-TAFs compared
to SCC-TAFs (Fig. 1H). Consistently, secreted
TIMP-1 protein, as determined by ELISA, was signif-
icantly higher in activated ADC-TAFs than in SCC-
TAFs as well as in a panel of TGF-b1-stimulated
ADC cell lines (Fig. 1I). Moreover, secreted TIMP-1
was significantly higher in TAFs compared to
patient-matched control fibroblasts in ADC but not
SCC (Fig. 1J), revealing an aberrant overexpression
of TIMP-1 selectively in ADC-TAFs.
To independently validate our observed differen-

ces between ADC and SCC, we analyzed TIMP-1
and CD63 staining in tissue microarrays (TMAs)
from the Human Protein Atlas. In agreement with
our initial observations, the percentage of TIMP-1
positive fibroblasts was significantly higher in ADC
than SCC (Fig. 1K-L and Supplementary Fig. 1A-B),
whereas CD63 staining was very scarce in SCC
compared to ADC samples, and was largely
restricted to cancer cells (Fig. 1M-N; Supplementary
Fig. 1C). Finally, we examined the mRNA and pro-
tein expression of MMP9 in patients using the TCGA
and Human Protein Atlas databases, respectively,
as a potential limiting factor of the interaction
between TIMP-1 and CD63, since proMMP9 and
CD63 share the same binding domain in TIMP-1
[12]. We found significantly higher MMP9 mRNA lev-
els and tissue staining in SCC compared to ADC tis-
sue (Supplementary Fig. 1D-F), in agreement with
previous observations [20,21]. These results reveal
that the major cancer cell partner CD63 for free
(unbound) TIMP-1 is overexpressed in ADC com-
pared to SCC, whereas its natural competitor MMP9
shows an opposite pattern, thereby strongly support-
ing that lung ADC tumors are primed for a crosstalk
between TIMP-1 in TAFs and CD63 in cancer cells.
TIMP-1 overexpression and secretion in ADC-
TAFs is driven by hyperactive TGF-b1/SMAD3
signaling

Prompted by the selective overexpression and
secretion of TIMP-1 observed in ADC-TAFs, we
began to examine the underlying mechanism(s). The
regulation of TIMP-1 secretion is largely unknown. In
contrast, TIMP-1 expression is known to be inducible
TAFs and CFs) fibroblasts cultured as in I. K and M, Represen
within TMAs from the Human Protein Atlas database stained
TIMP-1 positive fibroblasts and green arrowheads point at CD
tary Fig. S1A and S1C. L, Percentage of TIMP-1 positive TAFs
age of CD63-positive area/image field for each patient in TMAs
< 0.05; ##, p < 0.01; ###, p < 0.005 comparing ADC with SC
respect to control tissue or CFs. n.s.: non-significant. Statistica
F) or Student t-test (G-N).
(i.e. not constitutive) [10], and TGF-b1 has been
reported as a major inducer of TIMP-1 expression in
fibroblasts and other mesenchymal cells [16] and it is
frequently upregulated in NSCLC [22]. Accordingly,
we examined TIMP-1 expression and secretion in pri-
mary TAFs in response to TGF-b1. We observed a
greater induction of TIMP1mRNA in ADC-TAFs com-
pared to SCC-TAFs with respect to untreated cells
(Fig. 2A), and this difference became even larger and
statistically significant when analyzing secreted
TIMP-1 (Fig. 2B), revealing that ADC-TAFs are
hyperresponsive to TGF-b1 in terms of TIMP-1
expression and particularly secretion.

To explore the mechanisms underlying this hyper-
response, we examined the canonical TGF-b1 path-
way transcription factor SMAD3, since we recently
reported the selective hyperactivity of the TGF-b1/
SMAD3 pathway in ADC-TAFs concomitantly with
the epigenetic repression of SMAD3 in SCC-TAFs
[23]. For this purpose, we used both pharmacologic
and genetic loss- and gain-of-function approaches.
Stimulating hTERT immortalized primary control pul-
monary fibroblasts from a randomly selected patient
(CFhTERT (#5), where the number identifies the
selected patient henceforth) with the potent SMAD3
inhibitor SB431542 (SB) (Fig. 2C) markedly downre-
gulated TIMP1 mRNA (Fig. 2D) and secreted levels
(Fig. 2E) compared to the weak SMAD3 inhibitor
galunisertib [23] (Fig. 2C-E). Consistently, knocking-
down SMAD3 in CFhTERT (#5) by shRNA (Fig. 2F)
was sufficient to downregulate both TIMP-1 mRNA
(Fig. 2G) and secreted levels (Fig. 2H) upon TGF-b1
stimulation compared to shRNA control (shCTRL).
Similar results were obtained in CFs derived from a
different patient (Supplementary Fig. 2A-C). Con-
versely, SMAD3 overexpression through retroviral
transduction (rv-SMAD3) in CFhTERT (#5) (Fig. 2I)
markedly increased basal TIMP1 mRNA (in the
absence of TGF-b1) compared to rv-GFP used as a
control (Supplementary Fig. 2D). This transcriptional
increase was smaller upon stimulation with TGF-b1
(Fig. 2J), suggesting that TIMP1 mRNA induction
had reached saturation, whereas secreted TIMP-1
was significantly increased in rv-SMAD3 fibroblasts
compared to rv-GFP controls (Fig. 2K), identifying
SMAD3 as a potent regulator of TIMP-1 secretion.
Consistently, we observed a significant correlation
between SMAD3 mRNA and TIMP-1 secretion upon
TGF-b1 stimulation in ADC-TAFs (r2 = 0.84,
tative histologic images of ADC and SCC patient samples
for TIMP-1 (K) and CD63 (M). Black arrowheads point at
63 positive cancer cells. Additional images in Supplemen-
in TMAs (6 ADC, 6 SCC). N, Quantification of the percent-
(6 ADC, 6 SCC). Error bars represent mean § s.e.m. #, p
C. *, p < 0.05; **, p < 0.01; ***, p < 0.005 comparing with
l comparisons were done using Wilcoxon rank-sum test (A-



Fig 2. Regulation of TIMP-1 expression and secretion by TGF-b1/SMAD3. A, Fold TIMP1 mRNA expression of TAFs
(8 ADC, 9 SCC) cultured as in Fig. 1H. B, Fold TIMP-1 protein secretion of TAFs (6 ADC, 8 SCC) cultured as in Fig. 1I. C,
Representative Western blot for pSMAD3 and a-tubulin of CFhTERT (#5) stimulated with 2.5 ng/mL TGF-b1 for 60 min in
the presence of increasing doses of SB431542 or galunisertib. D, Fold TIMP1 mRNA expression of CFhTERT (#5) cultured
as in C. E, Fold TIMP-1 secretion of CFhTERT (#5) stimulated with 2.5 ng/mL TGF-b1 for 3 days alone or in the presence
of 2.5mM SB431542 or 2.5mM galunisertib and subsequently maintained in serum-free medium for 2 days. F and L, Fold
SMAD3 expression of shSMAD3 CFhTERT (#5) (F) and ADC-TAFhTERT (#37) (L) with respect to control shRNA maintained
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p = 0.03) (Supplementary Fig. 2E). Lastly, we
knocked-down SMAD3 in hTERT immortalized
ADC-TAFs from a randomly selected patient (ADC-
TAFhTERT (#37)) (Fig. 2L) and found a consistent
down-regulation of TIMP1 mRNA (Fig. 2M) and pro-
tein secretion (Fig. 2N).
Both TIMP-1 in ADC-TAFs and CD63 in lung ADC
cancer cells are necessary to elicit a tumor-
promoting paracrine crosstalk

To examine the functional effects of the potential
paracrine interaction between TIMP-1 overexpress-
ing TAFs and CD63 overexpressing cancer cells
selectively in ADC, we first knocked-down TIMP1 in
ADC-TAFs by siRNA, activated them with TGF-b1,
collected their conditioned medium (CM), and ana-
lyzed the CM effect on the growth and invasion of
ADC cells as outlined in Fig. 3A. siRNA not targeting
any gene product was used as control (siCTRL)
here and thereafter. To mimic ADC patients, we
selected two ADC cell lines (H1437, H23) exhibiting
high surface expression of CD63 (>70%) as deter-
mined by flow cytometry (referred to as CD63high

ADC cells) (Supplementary Fig. 3A). Knocking-
down TIMP1 in a panel of ADC-TAFs (n = 4 patients)
using two constructs (#a and #b) consistently eli-
cited a >90% reduction of secreted TIMP-1 within
the CM derived from activated TAFs (Fig. 3B),
whereas it did not alter the expression of standard
fibrosis markers (Supplementary Fig. 3B-F). In
agreement with previous reports [24], the CM of a
panel of activated siCTRL ADC-TAFs (n = 4)
increased both growth and invasion of ADC cells by
»2-fold in average compared to CM from non-acti-
vated TAFs (horizontal dashed line) in both ADC
lines (Fig. 3C-F). Moreover, the induction of cancer
cell growth and invasion linearly correlated with the
amount of secreted (unnormalized) TIMP-1 present
within the CM of ADC-TAFs used in each experi-
ment (Supplementary Fig. 3G-J). In contrast, such
increase in growth and invasion in ADC cells was
significantly attenuated by »35% (Fig. 3C-D) and
»30% (Fig. 3E-F) on average, respectively, when
stimulating cells with CM from activated siTIMP-1
ADC-TAFs, thereby revealing that TIMP-1 is a major
contributor to cancer cell growth and invasion in
ADC.
in fibroblast culture medium supplemented with 10% FBS. G a
TAF (M) with respect to control shRNA fibroblasts cultured as
and ADC-TAF (N) with respect to control shRNA fibroblasts
fibroblasts with respect to control rv-GFP fibroblasts maintaine
fibroblasts with respect to control rv-GFP cultured as in B. K, F
respect to control rv-GFP cultured as in B. Similar results wer
S2). Error bars indicate mean § s.e.m. **, p < 0.01; ***, p < 0
condition (A) or SB431542 and galunisertib with untreated co
comparing either ADC with SCC, shCTRL with shSMAD3 fibr
sons were done using Student t-test. Mean values correspond
Next, we analyzed whether CD63 in ADC cells is
also necessary for the TIMP-1-dependent growth
and invasion enhancement of the CM of TAFs. For
this purpose, we knocked-down CD63 in ADC cell
lines by siRNA using two constructs (#A and #B),
which elicited a consistent »90% reduction in
CD63 mRNA expression (Supplementary Fig. 3 K,
L) and in the percentage of CD63 positive cells
(Fig. 3G,H). CD63 attenuation did not alter the
basal growth of ADC cells (Supplementary Fig.
3 M,O) and increased their basal invasion in one of
the constructs in H23 cells (Supplementary Fig.
3 N,P). As expected, the growth and invasion of
siCTRL ADC cells markedly increased with the
CM of activated ADC-TAFs compared to basal
medium (dashed line) (Fig. 3I-L). In contrast,
knocking-down CD63 was sufficient to significantly
downregulate growth by »20% in H1437 (Fig. 3I)
and »50% in H23 cells using both constructs com-
pared to either siCTRL (Fig. 3K) or wild-type cells
(Supplementary Fig. 4A,B). Likewise, knocking-
down CD63 consistently reduced the average
invasion elicited by the CM in both cell lines and
constructs, although this reduction exhibited more
variability and did not attain statistical significance
in siRNA#B in H23 cells (Fig. 3J,L). Although the
source of this variabillity is unclear, it may be asso-
ciated with a known function of CD63 to organize
the plasma membrane into microdomains with a
diverse array of membrane proteins, including
integrins and other receptors that may regulate
invasion [25]. Therefore, it is possible that different
constructs may differentially affect CD63 splice
variants and correspondingly lead to differential
organization of invasion-relevant proteins within
microdomains.

To further implicate TIMP-1/CD63 interaction in
a tumor-promoting paracrine crosstalk between
ADC-TAFs and CD63high ADC cells, we con-
ducted growth and invasion measurements upon
simultaneous downregulation of both proteins. Of
note, knocking-down CD63 in both H1437 and
H23 ADC cells (siRNA#A) consistently abrogated
the inhibition of growth (Fig. 4A,B right bars) and
invasion (Fig. 4C,D right bars) elicited by the CM
of activated siTIMP-1 ADC-TAFs compared to the
CM of activated parental ADC-TAFs, and compa-
rable findings were obtained with siRNA#B
nd M, Fold TIMP1 mRNA of shSMAD3 CF (G) and ADC-
in A. H and N, Fold TIMP-1 secretion of shSMAD3 CF (H)
cultured as in B. I, Fold SMAD3 expression of rv-SMAD3
d as in F. J, Fold TIMP1 mRNA expression of rv-SMAD3
old TIMP-1 protein secretion of rv-SMAD3 fibroblasts with
e obtained in CFs from other patients (Supplementary Fig.
.005 comparing either TAFs with their respective untreated
nditions (D, E). #, p < 0.05; ##, p < 0.01; ###, p < 0.005
oblasts, or rv-GFP with rv-SMAD3 fibroblasts. All compari-
to n � 2 experiments.



Fig. 3. Tumor-promoting effects of the crosstalk between TIMP-1 in TAFs and CD63 in ADC cells. A, Outline of the
experimental design used to assess growth (top right) and invasion (bottom right) of ADC cancer cell lines (siCTRL or
siCD63) stimulated with basal medium or CM from ADC-TAFs (siCTRL or siTIMP-1). B, ELISA results of secreted TIMP-1
protein within the CM of activated ADC-TAFs transfected with siTIMP-1 (#a, #b) or siCTRL (n = 4). C-F, Fold cancer cell
number density and invasion of H1437 (C and E, respectively) and H23 (D and F) cells stimulated with the CM of siCTRL
or siTIMP-1 fibroblasts cultured as in A. Representative images of invading cancer cells are shown above invasion plots.
G and H, Percentage of CD63 positive H1437 (G) and H23 (H) cells after transfection with siCD63 (#A, #B) or siCTRL
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(Supplementary Fig. 4C-F). These results reveal
that TIMP-1 in ADC-TAFs as well as CD63 in
ADC cells are both necessary effector proteins of
a tumor-promoting paracrine interaction between
TAFs and carcinoma cells in ADC. Lastly, to fur-
ther confirm the specificity of TIMP-1/CD63 inter-
action in cancer cells, we assessed Akt activation
through phosphorylation at serine 473 (Supple-
mentary Fig. 4G), which has been reported as a
major tumor-promoting signaling protein down-
stream of TIMP-1/CD63 crosstalk in different can-
cer cell types including lung cancer cells [15,16].
As expected, the CM of activated ADC-TAFs sig-
nificantly increased AktpS473 in H1437 ADC cells
(Supplementary Fig. 4H,I), whereas knocking-
down TIMP1 in ADC-TAFs abrogated this
increase (Supplementary Fig. 4 J,K).
Stimulation with recombinant TIMP-1 is
sufficient to mimic completely the growth and
partially the invasion increase elicited by the CM
on ADC cells in a CD63-dependent manner

To assess whether TIMP-1 alone is sufficient to
increase growth and/or invasion of CD63high ADC cells,
we stimulated them with either 10 or 160 ng/mL of
recombinant human TIMP-1 (rhTIMP-1), which cov-
ered doses used elsewhere [26] and included the aver-
age amount of (unnormalized) TIMP-1 secreted by
activated ADC-TAFs (Supplementary Fig. 4L). Stimula-
tion with basal medium supplemented with rhTIMP-1
induced a dose-dependent growth increase in both
ADC cell lines up to»20% in average, which was com-
parable to that attained with the CM of activated TAFs
(Fig. 4E,G), revealing that TIMP-1 is a dominant
growth-promoting factor within the secretome of TAFs.
Notably, rhTIMP-1 elicited an even larger average
increase in invasion by »60% at the higher concentra-
tion, though this was a smaller effect than that elicited
by the CM of activated TAFs (Fig. 4F,H). These results
illustrate that TIMP-1 is a potent invasion inducer of
ADC cells, and underscore that TAFs secrete other rel-
evant invasion-inducing factors that remain to be identi-
fied. Conversely, knocking-down CD63 significantly
attenuated the growth (Fig. 4I,K) and invasion (Fig. 4J,
L) enhancement elicited by rhTIMP-1 in both ADC
lines. These results reveal that exogenous TIMP-1 is
sufficient to increase the growth and invasion of
CD63high ADC cells.
(n � 3). I and K, Fold cell density induction of siCD63 H1437 (I
blasts cultured as in A with respect to basal medium. J and L
cells (L) stimulated with the CM of parental fibroblasts cultur
images of invading cancer cells are shown right to invasion plo
0.01; ***, p < 0.005 comparing with siCTRL non-activated TAF
þþþ, p < 0.005 comparing with corresponding siCTRL. All c
correspond to n = 3 experiments with samples in duplicates.
Knocking-down SMAD3 or TIMP-1 in fibroblasts
coinjected with ADC cells is sufficient to
attenuate tumor aggressiveness in vivo

To test our observed tumor-promoting role of aber-
rant SMAD3/TIMP-1 expression of ADC-TAFs in vivo,
we used two complementary approaches as outlined
in Fig. 5A. First, we coinjected subcutaneously H1437
cells with either activated shCTRL or shSMAD3
CFhTERT (#5) and monitored tumor growth for 3 weeks
(Fig. 5A; upper left). This relatively short time-window
minimizes the expected contribution of host stromal
cells [27]. We did not use shSMAD3 ADC-TAFhTERT

owing to technical difficulties in expanding this cell
population. Alternatively, we coinjected H1437 cells
with either siCTRL or siTIMP-1 ADC-TAFhTERT (#37)
and monitored tumor growth within the same time-win-
dow (Fig. 5A; upper right). We used siRNA rather than
shRNA to knock-down TIMP-1 in vivo owing to the dif-
ficulties in expanding the latter cells as described
above; moreover, siTIMP-1 ADC-TAFhTERT (#37)
maintained a strong downregulation (>90%) of
secreted TIMP-1 in culture throughout the experimen-
tal time-window (Fig. 5B). All fibroblasts used in both
in vivo assays were pre-activated with TGF-b1 for
3 days before coinjection to mimic the profibrotic phe-
notype of TAFs found in patients.

In agreement with our cell culture observations,
tumor growth was significantly lower in tumors coin-
jected with fibroblasts with reduced SMAD3
(Fig. 5C) by »60% at the end of the observation
period. Similarly, we observed a lower tumor volume
in mice bearing siTIMP-1 ADC-TAFs compared to
siCTRL (Fig. 5D), confirming the results of an initial
pilot study (Supplementary Fig. 5A), although these
differences did not reach statistical significance. Yet,
combining both independent in vivo experiments
(n = 7 siTIMP-1, n = 6 siCTRL) using a linear regres-
sion mixed model revealed that the difference
between both groups reached marginal significance
(p = 0.08). Consistently, tumor weight (Fig. 5E, F)
was lower in tumors bearing reduced SMAD3 or
TIMP-1 compared to controls. The larger drop in
tumor growth observed in shSMAD3 compared to
siTIMP-1 conditions with respect to their controls
could be attributed in part to the marked drop in
fibrosis in tumors bearing shSMAD3 but not siTIMP-
1 fibroblasts, as illustrated by the distinct deposition
of fibrillar collagens as stained by picrosirius red
(PSR) (Fig. 5G-J), which is consistent with the major
transcriptional regulation of fibrotic genes by
) and siCD63 H23 cells (K) stimulated with the CM of fibro-
, Fold cell invasion of siCD63 H1437 (J) and siCD63 H23
ed as in A with respect to basal medium. Representative
ts. Error bars represent mean § s.e.m. *, p < 0.05; **, p <

s (C-F) or basal medium (I-L). þ, p < 0.05; þþ, p < 0.01;
omparisons were done using Student t-test. Mean values



Fig. 4. Effect of either simulatenous knock-down of TIMP-1 in TAFs and CD63 in ADC cell lines or rhTIMP-1 treatment
in cancer cell growth and invasion. A and B, Fold cancer cell density of H1437 (A) and H23 (B) transfected with siCTRL
(left bars) or siCD63#A (right bars) and stimulated as in Fig. 3A. C and D, Fold cell invasion of H1437 (C) and H23 (D)
transfected with siCTRL (left bars) or siCD63#A (right bars) and stimulated as in A. Representative images of invading
cancer cells are shown below invasion plots. E and F, Fold cancer cell density (E) and invasion (F) of H1437 stimulated
with growing concentrations of rhTIMP-1 (10 and 160 ng/mL) or the CM of ADC-TAFs (n = 4) cultured as in Fig. 1I. G and
H, Fold cancer cell density (G) and invasion (H) of H23 stimulated with growing concentrations of rhTIMP-1 (10 and
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SMAD3 [28], since a fibrotic stroma provides a
wound-like microenvironment that favours tumor
progression through both soluble and insoluble fac-
tors [3]. In further agreement with the pro-invasive
effects of stromal TIMP-1 in culture, knocking-down
TIMP-1 in TAFs was sufficient to attenuate the inva-
sion of tumor xenografts to their adjacent host tissue
(Fig. 5K-L and Supplementary Fig. 5B, C). These
results reveal that reducing the expression of a sin-
gle stromal factor (i.e. TIMP-1) in TAFs attenuates
tumor aggressiveness compared to control condi-
tions, even in the context of a similar collagen-rich
fibrotic tumor stroma (Fig. 5H, J).

High combined expression of TIMP1 and CD63 is
more strongly associated with poor survival than
TIMP1 alone

TIMP-1 is a well-established prognostic biomarker
candidate in lung cancer, since high levels of TIMP-
1 mRNA or protein have been consistently associ-
ated with poor prognosis [18,29]. To examine
whether CD63 may increase the prognostic value of
TIMP-1, we conducted survival analysis of TIMP1
and CD63mRNA alone or in combination using pub-
licly available databases. As expected, high TIMP1
was associated with significantly poorer survival in
ADC (HR = 3.18; 95% CI, 2.31�4.38;
p = 6.7£ 10�14) (Fig. 6A). Likewise, the ADC patient
group with high CD63 mRNA levels also had a
poorer prognosis (HR = 2.67; 95% CI, 1.98�3.59;
p = 1.4 £ 10�11) (Fig. 6B). Notably, the ADC patient
group exhibiting high expression of both TIMP1 and
CD63 mRNA exhibited the highest increased risk of
death (HR = 3.53; 95% CI, 2.57�4.87;
p = 1.7 £ 10�16) (Fig. 6C). These results unveil the
potential of combined TIMP1 and CD63 as a prog-
nostic biomarker, and underscore the important role
of TIMP-1/CD63 crosstalk in ADC. In contrast, none
of these mRNA biomarkers exhibited any prognostic
value in SCC (Supplementary Fig. 6).
Discussion

Understanding TIMP-1 function and regulation
within the tumor microenvironment is drawing
increasing attention because it is consistently asso-
ciated with poor prognosis in virtually all human can-
cers including NSCLC [11,18,29], and there is
160 ng/mL) or with the CM of ADC-TAFs cultured as in Fig.
siCD63 H1437 with respect to siCTRL H1437 cells stimulated
sity (K) and invasion (L) of siCD63 H23 cells with respect to siC
ml is very close to the average amount of TIMP-1 secreted by
mean § s.e.m. ***, p < 0.005 comparing with basal medium (E
ing with corresponding siCTRL. n.s.: non-significant. All compa
spond to n � 3 experiments.
growing evidence that TIMP-1 promotes tumor pro-
gression in NSCLC [14,15] and other cancer types
[16,26,30,31], although there is some inconsistency
in the literature on this latter point [32,33]. Similarly,
the few previous studies on the role of TIMP-1 in
TAFs have reported conflicting results [16,34,35],
illustrating collectively the complexity of defining
TIMP-1 functions in cancer. In addition, the source
of TIMP-1 expression in NSCLC had remained
unclear, with some studies favoring stromal expres-
sion while others favouring expression in cancer
cells [9,18,36]. Our results now show that TIMP-1 is
expressed by both stromal and cancer cells but is
selectively overexpressed in ADC-TAFs compared
to SCC-TAFs. These results are consistent with pre-
vious studies reporting higher TIMP-1 in ADC than
SCC, although those studies did not identify the
underlying effector cell type [37�39]. Mechanisti-
cally, our results strongly support that the aberrant
TIMP-1 overexpression in ADC-TAFs is largely
driven by their recently reported hyperactive TGF-
b1/SMAD3 pathway [23] as summarized in Fig. 6D,
whereas this pro-fibrotic pathway is markedly atten-
uated in SCC-TAFs, owing to their epigenetic
repression of SMAD3 caused by an excessive expo-
sure to cigarette smoke particles [23]. In addition,
our findings reveal a novel function for SMAD3 as a
positive regulator of TIMP-1 secretion.

It is increasingly recognized that TIMP-1 may elicit
either MMP-inhibitory or cytokine-like effects
depending on the context, which may manifest as
tumor-protective or tumor-promoting, respectively
[12]. In NSCLC, our results strongly support that
TIMP-1 secreted by ADC-TAFs exhibits tumor-pro-
moting cytokine-like functions through a paracrine
crosstalk with CD63 expressing cancer cells
(Fig. 6D). First, we used cell culture and animal mod-
els to show that TIMP-1 secreted by ADC-TAFs pro-
motes cancer cell growth and invasion, and that
CD63 expression in ADC cells is required to convey
these tumor-promoting effects. Second, we showed
that CD63 is markedly overexpressed in ADC cells,
whereas its natural competitor MMP9 [12] is strongly
downregulated in ADC compared to SCC tumors, in
agreement with previous observations at RNA [20]
and protein level [21]. Third, we found that TIMP-1
expression and secretion were regulated by the
TGF-b1/SMAD3 pathway, which is hyperactive
selectively in ADC-TAFs [23], further supporting that
ADC tumors are primed to exhibit more free (i.e.
1I. I and J, Fold cancer cell density (I) and invasion (J) of
with 160 ng/mL of rhTIMP-1. K and L, Fold cancer cell den-
TRL H23 stimulated with 160 ng/mL of rhTIMP-1. 160 ng/
ADC-TAFs (153 ng/ml, Suppl. Fig 4L). Error bars indicate
-H). þ, p < 0.05; þþ, p < 0.01; þþþ, p < 0.005 compar-
risons were done using Student t-test. Mean values corre-



Fig. 5. Role of stromal SMAD3 and TIMP-1 in tumor promotion in vivo. A, Outline of the experimental design used to
assess tumor growth of H1437 cells subcutaneously co-injected with either shCTRL or shSMAD3 CFhTERT (#5) (2:1 ratio)
(upper left), or with siCTRL or siTIMP-1#a ADC-TAFhTERT (#37) (1:1 ratio) (upper right) into immunodeficient NOD/SCID
mice (n = 4 mice/condition). Fibroblasts were pre-activated with 2.5 ng/mL with TGF-b1 for 3 days before co-injection
(drawings from Biorender). B, Fold TIMP-1 secretion of activated siTIMP-1#a ADC-TAFhTERT (#37) with respect to
siCTRL during 21 days after transfection. C and D, Average tumor growth for each experimental condition. E and F, Aver-
age tumor weight at the end of the observation period for each experimental condition. G and H, Representative images
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proMMP9 unbound) TIMP-1 that can interact with
CD63 expressing cancer cells compared to SCC.
Finally, the combination of high TIMP1 and CD63
tissue mRNA exhibited a stronger prognostic value
than TIMP1mRNA alone in ADC.
Our in vitro observations using recombinant TIMP-

1 revealed a differential role in growth and invasion,
since TIMP-1 per se was sufficient to fully match the
growth enhancement elicited by the CM of ADC-
TAFs, whereas it only partially matched the invasion
increase of the CM, revealing that ADC-TAFs secrete
other relevant invasion-inducing factors that remain
to be identified. Unlike ADC, the effects of stromal
TIMP-1 in SCC remain obscure. Yet, it is possible
that TIMP-1 may function primarily to inhibit MMPs
rather than eliciting cytokine-like functions in SCC,
since the expression of CD63 was low whereas that
of its competitor MMP9 was high compared to ADC.
In addition, since TIMP-1 expression was markedly
lower in SCC-TAFs compared to ADC-TAFs, it may
be that there is comparatively less free TIMP-1 in
SCC, which is required for its tumor-promoting cyto-
kine-like functions [10]. Alternatively, a previous study
on TIMPless fibroblasts reported a tumor-promoting
phenotype through the aberrant secretion of exo-
somes and an enhanced induction of epithelial-mes-
enchymal transition [34], which could apply to the low
TIMP-1 conditions of SCC reported here.
Intriguingly, we observed a significant downregu-

lation of CD63 selectively in lung SCC, and that forc-
ing CD63 downregulation in ADC cells (mimicking
SCC conditions) elicited a phenotype that was over-
all less responsive to the tumor-promoting cues eli-
cited from ADC-TAFs. Yet, we previously reported
that activated SCC-TAFs enhance growth and inva-
sion of SCC cells [24], supporting that SCC-TAFs
drive tumor progression through molecular mecha-
nisms that are fundamentally different than ADC.
Regarding the causes of the differential CD63
expression in ADC and SCC, it is worth noting that,
in physiologic pulmonary conditions, CD63 is
expressed in pneumocytes and airway epithelium
[40]. Thus, the elevated CD63 expression in ADC
reported here may reflect the retention of increased
numbers of differentiated epithelial cells in this tumor
type. In contrast, it has been suggested that the low
CD63 expression in SCC may be due to the nega-
tive CD63 expression of basal cells, since SCC
tumors are thought to arise from basal stem cells
of picrosirius red (PSR) staining at the end of the observation
Quantification of the fold percentage of the PSR-positive area
and mice (n � 10 images/tumor). K, Representative images of
Arrow heads indicate invasive tumor nests. Additional images
sion scores assessed from each AE1/AE3 staining image (10 i
assessed from two observers shown in Supplementary Fig. S
(E-L). *, p < 0.05; ***, p < 0.005; comparing either shCTRL wit
Two-group comparisons within time-dependent TIMP-1 or tu
mixed model with random effects model. All other group compa
[2,41]. Defining the effects of low CD63 in SCC
remains to be determined. Conversely, our work
supports that the high CD63 expression in ADC cells
contributes to tumor progression through a paracrine
interaction with stromal TIMP-1 (Fig. 6D).

Our results unveil that TAF-carcinoma interactions
may strongly depend on the histologic subtype by
identifying the first paracrine interaction that is spe-
cific for lung ADC, unlike previous studies that ana-
lyzed tumor-promoting factors secreted by lung
TAFs without considering their histologic subtype
[37�39]. In addition, our work suggests that TIMP-1/
CD63 crosstalk in lung ADC may be suitable for
therapeutic intervention. Because the pro-fibrotic
TGF-b1/SMAD3 pathway drives TIMP-1 overex-
pression in ADC-TAFs, it is conceivable that antifi-
brotic drugs may help inhibiting TIMP-1 in ADC. In
support of this possibility, the antifibrotic drug ninte-
danib [23], which was clinically approved in lung
ADC owing to the LUME-1 clinical trial reporting
therapeutic benefits selectively in ADC but not SCC
[42], was shown to reduce TIMP-1 expression in a
mouse model of pulmonary fibrosis [43]. Unlike
TIMP-1, the suitability of directly targeting CD63 is
unclear, since both high and low CD63 expression
have been associated with tumor promotion [44,45].
Therefore, our work supports future efforts towards
developing therapeutic strategies against TIMP-1 in
ADC and other cancer types exhibiting a prominent
fibrotic stromal microenvironment.

In summary, our work provides compelling evi-
dence supporting that ADC tumors are selectively
primed for a tumor-promoting TAF-carcinoma cross-
talk through TIMP-1/CD63, underscoring its potential
as a novel therapeutic target. Moreover, we identify
the hyperactive TGF-b1/SMAD3 pathway as a major
driver of the aberrant TIMP-1 expression and secre-
tion in ADC-TAFs within the tumor microenvironment,
and report high TIMP1 and CD63 tissue mRNA as a
prognostic biomarker candidate in ADC.
Experimental procedures
Patient-derived lung fibroblasts

Primary fibroblasts were previously derived as tis-
sue explants from a cohort of 20 NSCLC surgical
period of shSMAD3 (G) and siTIMP-1 (H) tumors. I and J,
of shSMAD-3 (I) and siTIMP-1 (J) tumors for each image
the tumor edge of pan-cytokeratin staining with AE1/AE3 .
in Supplementary Fig. S5B. L, Frequencies of tumor inva-
mages/tumor in average). Correlation between frequencies
5C. Error bars indicate mean § s.d. (C and D) or § s.e.m.
h shSMAD3 or siCTRL with siTIMP-1. n.s.: non-significant.
mor growth data were performed with a linear regression
risons were conducted using Student t-test.



Fig. 6. Prognostic value of TIMP1 and CD63 mRNA in lung ADC. A and B, Kaplan-Meier survival curves stratifying
patients according to TIMP1 (A) and CD63 (B) expression. C, Kaplan-Meier survival curve stratifying patients according
to TIMP1 and CD63 co-expression. Survival curves were compared by log-rank test. D, Emerging model of the tumor-pro-
moting role of the aberrant SMAD3/TIMP-1 expression of ADC-TAFs with CD63 expressing ADC cells (drawings from
Biorender).
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patients (8 ADC, 12 SCC) [6]. Fibroblasts were
obtained from either tumor or paired-uninvolved pul-
monary tissue (used as control fibroblasts (CFs))
with the informed patient consent, using protocols
approved by the Ethics Committee of the Hospital
Clinic de Barcelona and the Universitat de Barce-
lona (clinical characteristics in Supplementary Table
S1).
Recombinant human TIMP-1 (rhTIMP-1)
production

Mature secreted full-length rhTIMP-1 was obtained
by expressing the pTT/TIMP-1 construct transfected
into HEK 293E cells [46], and purifying it with SP-
Sepharose chromatography as described [47].
Cell culture and fibroblast immortalization

Fibroblast experiments were performed on fibro-
blast culture medium containing serum-free high-glu-
cose DMEM supplemented with 1% ITS and
antibiotics as reported [24]. Unless otherwise indi-
cated, all fibroblasts were treated with 2.5 ng/mL
recombinant human TGF-b1 (R&D systems) for
3 days to regain the activated phenotype observed in
patient samples [6,19], which is partially lost in culture
[5]. This concentration is comparable to the average
TGF-b1 concentration reported in the bronchoalveo-
lar lavage fluid of lung cancer patients [48]. In some
experiments, fibroblasts were stimulated with TGF-
b1 in the presence of 2.5 mM SB431542 (Millipore) or
2.5 mM galunisertib (Lilly, provided by Kyla Driscoll).
Fibroblasts from randomly selected patients were
immortalized with hTERT transduced expression as
reported [23]. A panel of lung carcinoma cell lines
derived from ADC patients (H1437, H23, H522,
H1975, H441, H2126, H1792 and HCC827) (ATCC)
were used for TIMP-1 ELISA analysis. H1437 and
H23 were also used in growth and invasion assays.
Cancer cells were cultured in a RPMI-based culture
medium as described [24]. Cells were routinely tested
for mycoplasma contamination as reported [23].
Knock-down of SMAD3 or TIMP-1 in fibroblasts,
and of CD63 in cancer cells

SMAD3 was stably knocked-down in immortalized
CFs or ADC-TAFs with lentiviral shRNA transduc-
tion as reported [23]. TIMP-1 was transiently
knocked-down in immortalized ADC-TAFs with
siRNA as follows. ADC-TAFs at 30�50% confluency
were transfected with 30 nM of two TIMP-1 Silencer
Select pre-designed siRNA constructs (12759
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TIMP-1#a; 118687 TIMP-1#b) and the Silencer
Select negative control No.1 siRNA construct (Ther-
mofisher Scientific) using Lipofectamine RNAiMAX.
48 h after transfection, culture medium was washed
and replaced with serum-free fibroblast culture
medium supplemented with 2.5 ng/mL TGF-b1 for
3 days. Next, culture medium was replaced with
serum-free fibroblast culture medium for 48 h. After-
wards the CM was collected, centrifuged to remove
suspended cells and stored at �80

�
C until use.

Likewise, CD63 was transiently knocked-down in
ADC cell lines (H1437 and H23) by siRNA. To this
aim, ADC cells at 50�80% confluency were trans-
fected with 30 nM of two CD63 Silencer Select pre-
designed siRNA constructs (10318 CD63#A;
145984 CD63#B) and the Silencer Select negative
control No.1 siRNA construct (Thermofisher Scien-
tific) using Lipofectamine RNAiMAX. Growth and
invasion induction by CM or rhTIMP-1 were ana-
lyzed in cells 24 h after transfection.
Overexpression of SMAD3 in fibroblasts

SMAD3 was stably introduced in immortalized
CFs with retroviral expression vectors. For this pur-
pose, bacteria containing plasmids for SMAD3
(#12638) [49] and GFP (#65436) [50] expression
(Addgene) were used. First, bacteria were grown
overnight in LB medium (Sigma-Aldrich) containing
ampicillin antibiotic (Sigma-Aldrich) and then had
their plasmids extracted by QIAGEN plasmid maxi
prep kits (#12181) following manufacturer’s protocol.
Second, Phoenix Ampho cells (ATCC) were seeded
in 100 mm plates at 70% confluence and transfected
with SMAD3 or GFP plasmids using the CalPhos
Mammalian Transfection kit (#631312, Clontech
Laboratories) following manufacturer’s protocol.
Medium containing retroviruses for protein expres-
sion was collected, centrifuged and filtered using
0.45um filters (GVS filter technology). Fibroblast
transduction was performed using polybrene (Sigma
#107689). Cells transduced with retrovirus contain-
ing either GFP (rv-GFP) or SMAD3 (rv-SMAD3)
plasmids were selected with puromycin (Sigma).
Conditioned medium (CM)

CM of activated fibroblasts was obtained as
reported [24]. In brief, fibroblasts (6 CFs, 7 ADC and
8 SCC) were activated with 2.5 ng/mL TGF-b1 for
3 days in serum-free fibroblast culture medium, and
subsequently kept in serum-free medium for 2 days
in the absence of exogenous TGF-b1. The corre-
sponding CM was collected and the number of cells/
mL were counted for normalization. The same proto-
col was applied to collect CM of ADC cell lines, using
serum-free epithelial culture medium.
qRT-PCR

RNA extraction and reverse transcription were
conducted as reported [24]. In brief, TIMP1 and
CD63 mRNA were assessed by qRT-PCR in techni-
cal duplicates with the StepOnePlus Real-Time
PCR System (Applied Biosystems) using Taqman
probes for TIMP1 (#Hs00171558_m1), CD63
(#Hs01041238_g1), COL1A1 (#Hs00164004_m1),
COL3A1(#Hs00943809_m1) and POL2R
(#Hs00172187_m1, used as endogenous control)
and Taqman Master Mix (ThermoFisher). SMAD3
mRNA analysis was conducted as described [23].
Relative gene expression with respect to the house-
keeping gene/endogenous control was assessed as
2�DCt [51].
Western blot

Protein extraction was performed with a lysis
buffer containing Tris 50 mM pH 7.4, NaCl 150 mM,
SDS 0.1%, Triton X-100 1% (Sigma), Nonidet P-40
1% (Igepal), proteinase (Cocktail Set I, Merck; Pefa-
bloc, Roche), and phosphatase (Phostop, Roche)
inhibitors. Equal protein amounts were separated
with precast gels, transferred to a polyvinylidene
difluoride membrane as described [23], blocked,
and incubated overnight with primary antibodies
against phosphorylated SMAD3 (pSMAD3)
(#07�1389, Merck Millipore) and a-Tubulin (#2144,
Cell Signaling Technology; used as loading control)
as well as against P4HA2 (#13,758�1-AP, Protein-
Tech), a-SMA (#A5228, Sigma-Aldrich), AktpS473

(#4060S), Akt (#9272S, Cell Signaling) and b-Actin
(#A1978, Sigma-Aldrich; used as loading control).
Protein bands were labeled and visualized by
chemiluminescence (Chemidoc Imaging Systems,
Bio-Rad). Band intensities were analyzed with
ImageJ and normalized to the corresponding loading
control. Since pAkt and Akt have the same molecu-
lar weight (60 kDa), samples were loaded in two
independent precast gels and ran in parallel;
a-Tubulin levels were assessed as a loading control
(referred to as a-Tubulin(1) in the “pAkt membrane”
and a-Tubulin(2) in the “total Akt membrane”). To
obtain the final pAkt/Akt ratio, the pAkt/a-Tubulin(1)

densitometry ratio was divided with the correspond-
ing Akt/a-Tubulin(2) ratio.
Elisa

Commercial DuoSet Human ELISA kit (R&D Sys-
tems) was used to measure secreted TIMP-1 protein
within the CM as pg/mL in technical duplicates fol-
lowing manufacturer�s instructions, which was nor-
malized by the number of cells/mL to assess final
TIMP-1 as pg/cell.
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Flow cytometry analysis of CD63

Parental or siCD63 ADC cell lines (H1437, H23)
were trypsinized and cell suspension was incubated
with 10 mg/mL anti-CD63 monoclonal antibody
(ab8219, Abcam) for 30 min, subsequently tagged
with alexa fluor 488 conjugated goat anti-mouse IgG
(A-11029, Invitrogen) for 30 min and fixed with PBS
2% paraformaldehyde for 15 min. Labeled cells
were analyzed in biological duplicates with a FACS
Canto II cytometer using FACS Diva 5.5 software
(BD Biosciences).
Cancer cell growth and invasion

The effect of the CM on cancer cell growth and
invasion was assessed in biological triplicates as
described [24]. In brief, to assess cancer cell growth,
cancer cells were stimulated with CM or a mixture of
serum-free fibroblast culture medium and epithelial
culture medium (1:1) (referred to as basal medium)
for 3 days, and their nuclei were fluorescently
stained and counted to measure cell density as the
average nuclear density/image. To assess cell inva-
sion we used the Matrigel Transwell invasion assay,
in which CM or basal medium was added to the
lower Transwell compartment and cancer cells that
invaded the Matrigel (BD Biosciences) layer through
the other side of the Transwell porous membrane
were stained with crystal violet and quantified as
positive crystal violet staining area/image. In some
experiments, 10 or 160 ng/mL rhTIMP-1 were added
to the basal medium. All image analysis was carried
out with Image J [52] hereafter.
In vivo tumorigenicity

The tumorigenicity of ADC cancer cells mixed with
fibroblasts with either SMAD3 or TIMP-1 downregu-
lation was examined in 4- to 6-week-old male NOD/
SCID mice (Janvier) using protocols approved by
the Animal Care and Ethics Committee of the Uni-
versity of Barcelona as reported [23]. All fibroblasts
were preactivated with 2.5 ng/mL TGF-b1 for 3 days
before coinjection. H1437 cells (0.5 £ 106) were
mixed with either shCTRL or shSMAD3 CFhTERT

(#5) (1 £ 106) within 100 mL solution of Matrigel
mixed with type I collagen (IAC-50, Koken) (1:1) and
coinjected subcutaneously in the dorsal flank of
NOD/SCID mice. Alternatively, H1437 cells
(1 £ 106) were mixed with either preactivated
siCTRL or siTIMP-1 ADC-TAFhTERT (#37) (1 £ 106)
and coinjected subcutaneously into NOD/SCID mice
using the same protocol. Tumor growth was
assessed as 0.5£width2£length using calipers [53].
After 21 days, animals were euthanized, and tumor
xenografts were collected and weighted [23].
Histologic analysis

TMA images of NSCLC patients stained for TIMP-
1, CD63 and MMP-9 (5�6 ADC, 4�6 SCC) were
downloaded from the Human Protein Atlas database
for image analysis [54]. Primary tumor xenografts
obtained from in vivo studies were processed as
described [23] and stained for picrosirius red (PSR)
[23] and cytokeratins (AE1/AE3 anti pan-keratin anti-
body cocktail, Diagnostic Biosystems). Image analy-
sis was carried out under the guidance of our
pathologists (JR, CT). TIMP-1 staining in fibroblasts
was scored blind by two independent observers.
The percentage of TIMP-1 positive fibroblasts/image
field was assessed for each observer and averaged
to render the final percentage in ADC and SCC.
CD63 and PSR positive stained area/image field
was assessed as reported [19]. Invasion of cytoker-
atin-positive cancer cells within tumor xenografts
into adjacent mouse host tissue was scored semi-
quantitatively by examining tumor budding, which is
defined as the presence of isolated small tumor
nests in the stroma of the invasive tumor edge [55].
For this purpose, »10 images of the tumor edge in
AE1/AE3 staining were randomly acquired with a
bright-field microscope (BX43) coupled to a digital
camera (DP72) using a £ 20 objective (Olympus).
Invasive features (i.e. tumor nests) at the tumor
edge were counted blind for each image by two
independent observers, and scored into 3 catego-
ries: 0 (negative), 1 (weak, < 7 tumor nests, with a
clear pseudocapsule), and 2 (strong, � 7 tumor
nests, usually without a clear pseudocapsule). The
pseudocapsule corresponds to the reactive stromal
host tissue that tends to encapsulate the tumor [56].
For each sample, the frequency of each score ni
(where i corresponds to score 0, 1 or 2) was com-
puted as ni/N (where N is the total number of
images) and averaged across the two observers to
render the final score frequencies. A good agree-
ment on invasion scores was found for each cate-
gory and observer (coefficient of correlation r2 = 0.9).
TCGA data analysis

TIMP1 and CD63 mRNA were analyzed from
TCGA data as described [23]. In brief, level 3 RNA-
seq expression data for tumor and normal tissue
from the TCGA database (https://cancergenome.
nih.gov/) was analyzed using the limma package
[57] in R (version 3.5.3; http://www.R-project.org/).
Gene expression analysis of cell lines using the
Sanger database

TIMP1mRNA was analyzed in a panel of cell lines
(43 ADC, 12 SCC) (Supplementary Table S2) using
the publicly available gene expression microarray
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dataset from Sanger Cell Line Project (GSE68950)
with the CellExpress system [58] as reported [53].
Survival analysis

Survival analysis was carried out with The Kaplan-
Meier plotter (KM plotter) website (http://kmplot.com/
analysis/), which uses mRNA expression data and
relapse free and overall survival information from
GEO, EGA and TCGA databases [59]. For TIMP1
and CD63 analyses only JetSet best probes were
used. For multiple gene analysis, the mean mRNA
expression of the selected probes was calculated
and used by the program. To analyze the prognostic
value, patient samples were split into two groups
(high and low expression) according to the best cut-
off calculated by the KM plotter, and the Kaplan-
Meier survival plots with hazard ratio (HR), 95% con-
fidence intervals (CI) and log-rank p-values were
obtained.
Statistical analysis

Two-group comparisons were performed with two-
tailed Student t-test unless otherwise indicated
(GraphPad Prism v5.0.). The degree of linear asso-
ciation between ELISA (pg TIMP-1/cell) and qRT-
PCR (SMAD3 mRNA) data were analyzed through
the Pearson correlation coefficient (SigmaPlot). The
time-dependent secreted TIMP-1 protein data and
tumor volume data from independent experiments
were analyzed by fitting a linear regression mixed
model with random effects using the nlme R pack-
age (version v4.1.3; http://www.R-project.org/). The
significance of the fixed effects was assessed using
the likelihood ratio test. A combined analysis of two
independent in vivo experiments with siTIMP-1 fibro-
blasts was also conducted using a linear regression
mixed model with random effects including the
experimental origin as a covariate to obtain adjusted
estimates. Statistical significance was assumed at p
< 0.05. All data shown are mean § s.e.m. unless
otherwise indicated.
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