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Abstract: Idiopathic pulmonary fibrosis (IPF) is characterized by aberrant activation of the alveolar
epithelium, the expansion of the fibroblast population, and the accumulation of extracellular matrix.
Global gene expression of human lung fibroblasts stimulated with TGFβ-1, a strong fibrotic mediator
revealed the overexpression of ZNF365, a zinc finger protein implicated in cell cycle control and
telomere stabilization. We evaluated the expression and localization of ZNF365 in IPF lungs and
in the fibrotic response induced by bleomycin in WT and deficient mice of the orthologous gene
Zfp365. In IPF, ZNF365 was overexpressed and localized in fibroblasts/myofibroblasts and alveolar
epithelium. Bleomycin-induced lung fibrosis showed an upregulation of Zfp365 localized in lung
epithelium and stromal cell populations. Zfp365 KO mice developed a significantly higher fibrotic
response compared with WT mice by morphology and hydroxyproline content. Silencing ZNF365 in
human lung fibroblasts and alveolar epithelial cells induced a significant reduction of growth rate
and increased senescence markers, including Senescence Associated β Galactosidase activity, p53,
p21, and the histone variant γH2AX. Our findings demonstrate that ZNF365 is upregulated in IPF
and experimental lung fibrosis and suggest a protective role since its absence increases experimental
lung fibrosis mechanistically associated with the induction of cell senescence.

Keywords: zinc finger protein ZNF365; pulmonary fibrosis; TGFβ-1; cellular senescence

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, irreversible, and lethal
lung disease of unknown etiology that is associated with high morbidity and mortality.
Although great efforts have been made in recent years trying to elucidate the molecular
and cellular mechanisms underlying its pathogenesis and progression, there are still many
questions left unanswered. IPF is an epithelial-fibroblastic disease, where the aberrant
activation of alveolar epithelial cells results in the secretion of multiple profibrotic mediators
such as TGFβ-1, TNFα, and PDGF, among others. These factors induce the migration and
proliferation of fibroblasts and their differentiation to myofibroblasts [1–3].

TGFβ−1 is one of the most important mediators that orchestrate fibrotic lung disease.
Global gene expression analysis revealed that ZNF365, a zinc finger protein, is overex-
pressed by the effect of TGFβ-1 in lung fibroblasts derived from control subjects and IPF
patients [4,5]. However, its role in this disease has not been explored.

Studies reported in the literature regarding the role of ZNF365 are scant; it has been
observed to be associated with DNA double-strand break repair mechanisms through
physically interacting with the exonuclease MRE11 and Poly ADP Ribose Polymerase
1 (PARP1) and regulating stalled replication forks which result from DNA double-strand
breaks (DSBs) [6]. It has also been described as a target of p53 in cells undergoing telomeric
stress, avoiding the formation of anaphase DNA bridges [7]. In murine models lacking
the orthologue of ZNF365, known as Zfp365, although no evident phenotype has been
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described, there are some defects in neuronal migration from the brain’s subventricular
zone to the cerebral cortex [8,9]. Another important function described for this molecule is
its involvement in the correct chromosome segregation during mitosis by interacting with
centrosome proteins such as Nde1 [10].

Many zinc finger proteins have been described earlier participating in IPF, for example,
Gli transcription factors from the Sonic Hedgehog (SHH) signaling pathway. Other authors
have described the zinc finger protein family members as differentially methylated in
IPF [11,12].

Thus, this study aimed to evaluate the expression and cellular localization of ZNF365
in IPF lungs and to analyze the role of ZNF365 in the lung fibrotic response induced by
bleomycin in WT mice and mice deficient in the orthologous gene. We also examined the
effect of ZNF365 silencing on normal human lung fibroblasts and alveolar epithelial cells
in vitro and analyzed its putative mechanism.

2. Results
2.1. ZNF365 Is Increased in IPF Lung Tissue, and It Is Located in Fibroblastic Foci and Alveolar
Epithelial Cells

We first determined the expression and localization of ZNF365 in IPF and control
lung tissues by immunohistochemical (IHC) staining. As shown in Figure 1A, panels a, b,
and c, immunoreactive ZNF365 was present in alveolar epithelial cells delineating a cystic
space (b) and in fibroblasts from fibroblastic foci in IPF lungs (c). In contrast, in normal
lung tissue, ZNF365 staining was virtually absent (panel d). No staining was observed
when the specific antibody was omitted (panel e). These findings indicate that ZNF365 is
overexpressed in IPF lungs and localized predominantly in fibroblasts from fibroblastic
foci and alveolar epithelium.

In silico analysis of single-cell transcriptional atlas of the lungs of IPF patients corrobo-
rated that ZNF365 is mainly expressed in fibroblasts, myofibroblasts, and alveolar epithelial
type 1 and type 2 cells, as well as other epithelial and fibroblasts “rare” subpopulations
(Figure 1B).

2.2. ZNF365 Mouse Orthologue, Zfp365, Is Overexpressed in Lungs from Mice Treated with Bleomycin

We then evaluated the expression of the gene orthologue, Zfp365, by qPCR analysis
of lung tissue and the cellular localization by IHC staining in WT mice after bleomycin
injury. At the mRNA level, a significantly increased expression of Zfp365 in lungs derived
from bleomycin instilled mice at 21 days was observed (p < 0.001) (Figure 2A). This was
corroborated by IHC (Figure 2B), where Zfp365 is overexpressed in bleomycin-instilled mice
and localized in alveolar and bronchial epithelial cells and some stromal cell populations
(panel a). Zfp365 was nearly absent in the lungs of mice instilled with saline solution
(panel b). No specific signal was observed when the specific antibody was absent (panel c).

2.3. TGFβ-1 Stimulates the Expression of ZNF365 in Normal and IPF Lung Fibroblasts and in the
A549 Epithelial Cell Line

To corroborate results obtained with global gene expression [4,5], we exposed fibrob-
lasts derived from normal human and IPF lungs to TGFβ-1. This potent profibrotic mediator
plays a relevant role in lung fibrosis. As shown in Figure 3A,B, ZNF365 was significantly
overexpressed at mRNA (p < 0.05 and protein levels in both normal and IPF fibroblasts after
TGFβ−1 stimulation (10 ng/mL) for 24 h. Since ZNF365 was also found overexpressed in
alveolar epithelium from IPF lungs, we examined its expression in the A549 epithelial cell line
stimulated with TGFβ-1 by qPCR and Western blot. As shown in Figure 3C,D, ZNF365 was
significantly upregulated at both mRNA (p < 0.05) and protein levels.
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Figure 1. ZNF365 is expressed in IPF lung tissues. (A) ZNF365 is overexpressed in IPF lung tissues 
(n = 5), and human control lungs (n = 2) were stained for immunohistochemistry with the specific 
antibody. (a) Immunoreactive protein was located in fibroblast foci and alveolar epithelial cells 
(scale bar 100 μm). (b,c) Representative epithelial cells and fibroblasts in two different magnifica-
tions (scale bars 50 and inset 25 μm). (d) Immunostaining of lung tissue from control donor (scale 
bar 50 μm). (e) Immunostaining of IPF lung tissue without the primary antibody (scale bar 50 μm). 
(B) ZNF365 expression according to scRNAseq experiments from IPF Cell Atlas. (http://ipfcellat-
las.com/, 9 August 2022). 
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Figure 1. ZNF365 is expressed in IPF lung tissues. (A) ZNF365 is overexpressed in IPF lung tissues
(n = 5), and human control lungs (n = 2) were stained for immunohistochemistry with the specific
antibody. (a) Immunoreactive protein was located in fibroblast foci and alveolar epithelial cells (scale
bar 100 µm). (b,c) Representative epithelial cells and fibroblasts in two different magnifications (scale
bars 50 and inset 25 µm). (d) Immunostaining of lung tissue from control donor (scale bar 50 µm).
(e) Immunostaining of IPF lung tissue without the primary antibody (scale bar 50 µm). (B) ZNF365
expression according to scRNAseq experiments from IPF Cell Atlas. (http://ipfcellatlas.com/,
9 August 2022).

http://ipfcellatlas.com/
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Figure 2. Zfp365 is overexpressed in lungs from mice exposed to bleomycin after 21 days. (A) Zfp365 
expression by qPCR in lungs of mice treated with bleomycin (n = 9) or saline solution (n = 6). The 
graph represents the mean ± SD. ** p < 0.001 by a two-tailed Student’s t-test with Welch’s correction. 
(B) IHC of lung tissues from mice instilled with saline solution or bleomycin. (a,b) Bleomycin-
treated mice showed immunoreactive protein primarily in alveolar and bronchial epithelial cells 
and some stromal cell populations (n = 2) (scale bars 100 μm, 50 μm, and inset 25 μm). (c) Im-
munostaining in control mice instilled with saline solution (n = 2) (scale bar 50 μm). (d) Im-
munostaining of bleomycin-treated mice without the primary antibody (scale bar 100 μm). 
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diator plays a relevant role in lung fibrosis. As shown in Figure 3A,B, ZNF365 was signif-
icantly overexpressed at mRNA (p < 0.05 and protein levels in both normal and IPF fibro-
blasts after TGFβ−1 stimulation (10 ng/mL) for 24 h. Since ZNF365 was also found over-
expressed in alveolar epithelium from IPF lungs, we examined its expression in the A549 
epithelial cell line stimulated with TGFβ-1 by qPCR and Western blot. As shown in Figure 
3C,D, ZNF365 was significantly upregulated at both mRNA (p < 0.05) and protein levels. 

Figure 2. Zfp365 is overexpressed in lungs from mice exposed to bleomycin after 21 days. (A) Zfp365
expression by qPCR in lungs of mice treated with bleomycin (n = 9) or saline solution (n = 6). The
graph represents the mean ± SD. ** p < 0.001 by a two-tailed Student’s t-test with Welch’s correction.
(B) IHC of lung tissues from mice instilled with saline solution or bleomycin. (a,b) Bleomycin-treated
mice showed immunoreactive protein primarily in alveolar and bronchial epithelial cells and some
stromal cell populations (n = 2) (scale bars 100 µm, 50 µm, and inset 25 µm). (c) Immunostaining
in control mice instilled with saline solution (n = 2) (scale bar 50 µm). (d) Immunostaining of
bleomycin-treated mice without the primary antibody (scale bar 100 µm).

2.4. Zfp365 KO Mice Display an Exacerbated Fibrotic Response to Bleomycin

To explore the role of Zfp365 in vivo, WT C57BL/6 and Zfp365 deficient mice
(Supplementary Figure S1) were intratracheally instilled with bleomycin or saline solution
as controls. After 21 days, mice were sacrificed, and histological changes and hydroxypro-
line content were assessed. To evaluate the fibrotic response quantitatively, we measured
hydroxyproline content in both WT and Zfp365 KO mice lungs. As illustrated in Figure 4A,
bleomycin-instilled Zfp365 deficient mice displayed a significant increase in hydroxyproline
content compared with WT mice (184.3 + 58.8 versus 135.2 + 40.5 µg/lung, p < 0.05). Zfp365
KO mice showed an accumulation of collagen fibers as indicated by Masson’s trichrome
staining compared with their WT counterparts (Figure 4B). The semiquantitative fibrosis
score showed a tendency to increase in Zfp365 deficient mice, although it did not reach
statistical significance, likely because of the heterogeneity of the lesions and the sample
size (Figure 4C).

2.5. ZNF365 Silencing Induces a Senescent Phenotype in Fibroblasts and Epithelial Cells

Considering that Zfp365 deficient mice developed severe lung fibrosis after bleomycin
instillation, we decided to explore in vitro the functional behavior of lung fibroblasts and
epithelial cells after silencing this zinc finger protein. Using specific siRNA sequences and
their respective scrambled control sequences, we show with qPCR analysis that ZNF365
mRNA was significantly downregulated at 48 h in both cell types (p < 0.05) (Figure 5A,B).
After silencing the gene in lung fibroblasts and in A549 epithelial cells, we performed a
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growth rate analysis using WST-1. A significant decrease was observed in silenced cells for
ZNF365 at 48 and 72 h (p < 0.001) (Figure 5C,D).
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Figure 3. TGFβ-1 induces the overexpression of ZNF365. (A) ZNF365 expression in control
(n = 3) and IPF lung fibroblasts (n = 3) by qPCR after 24 h of TGFβ-1 stimulation. (B) Western
Blot and the corresponding densitometric analysis; β actin was used as the internal loading control.
(C) ZNF365 expression in A549 cells and after 24 h of TGFβ-1 stimulation (n = 3). (D) Western blot
and corresponding densitometric quantification; GAPDH was used as the internal loading control.
* p < 0.05 by a two-tailed Student’s t-test with Welch’s correction.

As growth rate involves proliferation and cell death, we measured the early and late
apoptosis using 7-AAD and Annexin V staining by flow cytometry. After an apoptotic
stimulus of bleomycin (30 mU) for 48 h, no significant differences in A549 cells silenced for
ZNF365 and those with scrambled control sequences were found. Also, after an apoptotic
stimulus with staurosporine (0.1 and 0.5 µM) for 1 h, no significant differences were observed
in human lung fibroblasts silenced for ZNF365 (Supplementary Figure S2). Additionally,
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we investigated if fibroblast silencing of ZNF365 affects Col1a1 and Col1a3 expression. Our
results showed an increase in both gene expressions (Supplementary Figure S3).

The findings that silencing of ZNF365 reduced cell growth rate without affecting cell
death suggested that senescence might be involved as a mechanism contributing to the
functional effect of this molecule. Accordingly, we analyzed the impact of silencing ZNF365
on the expression of several senescent markers. Senescence-associated beta-galactosidase
assay (SA-βGal) showed increased activity in normal human lung fibroblasts and A549 cells
silenced for ZNF365 (Figure 6A,C). As shown in Figure 6B,D, the percentage of SA-βGal
positive cells was significantly higher in the silenced cells after counting ten random bright
microscopic fields (20× augmentation) by two technical replicates (p < 0.001). The analysis
by WB of other well-known biomarkers of senescence as p53, p21, γH2AX, and PARP1 [13]
exhibited an increased expression of these four proteins in human lung fibroblasts, and of
PARP1, p21, and γH2AX in A549 epithelial cells (Figure 6E,F).
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Figure 4. An exacerbated fibrotic response was observed in Zfp365-deficient mice. (A) Lung hydrox-
yproline content at 21 days after bleomycin instillation of Zfp365 KO mice (n = 8) and WT (n = 12).
(B) Representative light microscopy images of Masson’s trichrome stained lung tissue sections in
three different magnifications (scale bars 100 and 50 µm) from WT and Zfp365 KO mice 21 days after
bleomycin instillation. (C) Fibrosis score for grading lung histopathological changes. Results are
shown as mean ± SEM. Statistical significance was determined by the Student’s t-test with Welch’s
correction (* p < 0.05).

In addition, we examined the effect of TGFβ-1 stimulation on the expression of senes-
cence markers in ZNF365-silenced human lung fibroblasts and A549 epithelial cells. As
shown in Supplementary Figure S4, TGFβ-1 increased the expression of p21 and p53 in
ZNF365-silenced cells.
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2.6. Reduction of ZNF365 Expression in Normal Human Lung Fibroblasts and A549 Epithelial
Cells Is Observed by Doxorubicin Treatment

Doxorubicin provokes DNA damage by inhibiting topoisomerase II and has a
senescence-promoting effect in different cell types. We found that stimulation of nor-
mal human lung fibroblasts or A549 epithelial cells for 48 h with doxorubicin (1.25 µM)
significantly reduces ZNF365 expression both at the mRNA (p < 0.001, p < 0.05) and protein
levels (Figure 7A,B).

Cells 2022, 11, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 5. Silencing of ZNF365 reduces fibroblasts and A549 cells growth rate. (A) Expression of 
ZNF365 was examined by qPCR in normal human lung fibroblasts silenced. (B) Expression of 
ZNF365 by qPCR analysis in silenced A549 cells. “SCRAM” corresponds to the scrambled control 
sequences and “SIZNF” to specific siRNA sequences for ZNF365. (C) Growth rate assay of normal 
human lung fibroblasts using WST-1 reagent. (D) Growth rate assay of A549 cells using WST-1 re-
agent. Graphics represent three independent experiments by triplicate (qPCR) and curves represent 
one of three independent experiments by quadruplicate (WST-1) (mean ± standard deviation). * p < 

0.05, by a two-tailed Student’s t-test with Welch’s correction; *** p < 0.001 by two-way ANOVA with 
Bonferroni’s posttest. 

As growth rate involves proliferation and cell death, we measured the early and late 
apoptosis using 7-AAD and Annexin V staining by flow cytometry. After an apoptotic 
stimulus of bleomycin (30 mU) for 48 h, no significant differences in A549 cells silenced 
for ZNF365 and those with scrambled control sequences were found. Also, after an apop-
totic stimulus with staurosporine (0.1 and 0.5 μM) for 1 h, no significant differences were 
observed in human lung fibroblasts silenced for ZNF365 (Supplementary Figure S2). Ad-
ditionally, we investigated if fibroblast silencing of ZNF365 affects Col1a1 and Col1a3 ex-
pression. Our results showed an increase in both gene expressions (Supplementary Figure 
S3). 

The findings that silencing of ZNF365 reduced cell growth rate without affecting cell 
death suggested that senescence might be involved as a mechanism contributing to the 
functional effect of this molecule. Accordingly, we analyzed the impact of silencing 
ZNF365 on the expression of several senescent markers. Senescence-associated beta-ga-
lactosidase assay (SA-βGal) showed increased activity in normal human lung fibroblasts 
and A549 cells silenced for ZNF365 (Figure 6A,C). As shown in Figure 6B,D, the percent-
age of SA-βGal positive cells was significantly higher in the silenced cells after counting 
ten random bright microscopic fields (20× augmentation) by two technical replicates (p < 

0.001). The analysis by WB of other well-known biomarkers of senescence as p53, p21, 
γH2AX, and PARP1 [13] exhibited an increased expression of these four proteins in hu-
man lung fibroblasts, and of PARP1, p21, and γH2AX in A549 epithelial cells (Figure 
6E,F). 

Figure 5. Silencing of ZNF365 reduces fibroblasts and A549 cells growth rate. (A) Expression of
ZNF365 was examined by qPCR in normal human lung fibroblasts silenced. (B) Expression of
ZNF365 by qPCR analysis in silenced A549 cells. “SCRAM” corresponds to the scrambled control
sequences and “SIZNF” to specific siRNA sequences for ZNF365. (C) Growth rate assay of normal
human lung fibroblasts using WST-1 reagent. (D) Growth rate assay of A549 cells using WST-1
reagent. Graphics represent three independent experiments by triplicate (qPCR) and curves represent
one of three independent experiments by quadruplicate (WST-1) (mean ± standard deviation).
* p < 0.05, by a two-tailed Student’s t-test with Welch’s correction; *** p < 0.001 by two-way ANOVA
with Bonferroni’s posttest.
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control sequences “SCRAM” or with specific siRNA sequences for ZNF365 “siZNF” (Scale bar 100 
μm). (B,D), Percentage of positive SA-β Gal staining. Western blot analysis of senescent markers in 
ZNF365 silenced normal human lung fibroblasts (E) and A549 cells (F); β actin was used as the 
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In addition, we examined the effect of TGFβ-1 stimulation on the expression of se-
nescence markers in ZNF365-silenced human lung fibroblasts and A549 epithelial cells. 
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Figure 6. Normal human lung fibroblasts and A549 cells acquire a senescent phenotype after ZNF365
silencing. Senescence-associated β galactosidase activity (SA-β Gal) staining photomicrograph of
normal human lung fibroblasts (A) and A549 epithelial cells (C) transfected with scrambled control
sequences “SCRAM” or with specific siRNA sequences for ZNF365 “siZNF” (Scale bar 100 µm).
(B,D), Percentage of positive SA-β Gal staining. Western blot analysis of senescent markers in
ZNF365 silenced normal human lung fibroblasts (E) and A549 cells (F); β actin was used as the
internal loading control. Densitometric analyses are shown. (B,D) graphics represent the mean ± SD
of one experiment with two technical replicates and ten random bright microscopic fields counted for
each replicate. *** p < 0.001 by a two-tailed Student’s t-test with Welch’s correction.
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3. Discussion

IPF is an age-dependent and devastating disease [1,2], with complex and as yet poorly
understood disease mechanisms.

TGFβ-1 has long been recognized as one of the critical molecules driving fibrosis in
different organs and tissues. A great variety of genes are regulated by TGFβ-1 directly
or indirectly (e.g., through the crosstalk with other pathways) [14]. Among all these
genes, the zinc finger protein ZNF365 was one of the most upregulated genes in basal
and IPF lung fibroblasts after TGFβ-1 stimulation when compared with untreated control
fibroblasts [4,5].

ZNF365 is an essential target whose activation by p53 in cells with critically short
telomeres contributes to genomic stability. Moreover, in cells with telomere dysfunction, one
of the most strongly upregulated genes upon reconstitution of p53 activity is ZNF365 [7].
This function suggests that the upregulation of ZNF365 in IPF cells may represent the
consequence of exaggerated shortening of telomeres, which has been widely demonstrated
in epithelial cells and fibroblasts, usually associated with senescence and exerted by these
cells as a defensive mechanism [15,16]. When we explored single-cell expression data
downloaded from GEO accession number GSE136831 (see Supplementary Methods), we
observed several types of epithelial cells, including basaloid, express this zinc finger protein,
and senescent markers (Supplementary Figure S5). However, the putative role of ZNF365 in
IPF and other fibrotic lung disorders characterized by short and dysfunctional telomeres [2]
has not been examined.
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Our study demonstrated that ZNF365 is upregulated in IPF lungs compared to healthy
lungs. It was found in some fibroblastic foci and alveolar epithelial cells, which have been
primarily characterized as the main cellular effectors in IPF physiopathology. As a proof
of concept, we explored the IPF Cell Atlas web page (http://ipfcellatlas.com/ accessed
on 9 August 2022) [17–20] and identified some fibroblasts, myofibroblasts, and epithelial
cell populations that overexpress ZNF365. We validated these results with qPCR and WB
analysis, demonstrating that after 24 h of TGFβ-1 stimulation, ZNF365 is overexpressed
in normal human lung and IPF-derived fibroblasts. Given the strong ZNF365 signal in
alveolar epithelial cells in IPF lung tissues, we also measured its expression in the A549
epithelial cell line by qPCR and WB, corroborating that ZNF365 is upregulated in these
cells by the effect of TGFβ-1.

The expression level of ZNF365 was also examined in lung homogenates from
bleomycin-treated mice at day 21 (fibrotic phase), where we found that Zfp365, the gene
orthologue of ZNF365, was also overexpressed compared to the saline controls. Moreover,
paralleling the results in IPF, the protein’s location was found mainly in alveolar and
bronchial epithelial cells and some stromal populations. In this context, it is well-known
that, although useful for many fibrosis-related questions, the bleomycin-induced lung fi-
brosis model has limitations regarding understanding the progressive nature of human IPF.
Among them, the development of fibroblastic foci characteristic of IPF, where we markedly
found the expression of ZNF365, is challenging to observe in this experimental model.
When we explored the lung fibrotic response in Zfp365-deficient mice after bleomycin
installation, we found that these mice displayed an augmented fibrotic response when
compared to wild-type animals as assessed by histological analysis and measurement of
hydroxyproline content, suggesting that this zinc protein could have an antifibrotic effect.

Although at first sight it seems paradoxical that KO mice develop a higher level of
lung fibrosis, while this zinc finger protein is upregulated in IPF, there are many examples
of antifibrotic molecules overexpressed in IPF lung tissues that, when downregulated in
experimental models, provoke an increased fibrotic response [21–23]. This singularity
can be explained in the context that during the development of IPF, numerous profibrotic
mediators are upregulated, and the increased expression of some antifibrotic molecules
likely represents a defensive but insufficient mechanism.

To gain a deeper insight into the possible mechanisms, we explored in vitro the
potential function of ZNF365 in human lung fibroblasts and the A549 epithelial cell line,
transiently knocking down the gene. We investigated whether the silencing of ZNF365 in
human lung fibroblasts and A549 epithelial cells had any significant effect on cell cycle
regulation. Our results showed that ZNF365 silenced cells displayed a substantial reduction
of cell growth, with no effect on cell death. Similar results were described with the loss of
ZNF365 in the U2OS cell line, resulting in an arrest in the G1/S phase and delayed mitotic
progression [6]. This observation suggested that the deficiency of this gene could probably
be related to the induction of a senescent phenotype. For this purpose, we examined SA-β
Gal activity and measured the expression of proteins considered general biomarkers of
cellular senescence in human lung fibroblasts and A549 epithelial cells [24,25]. We found a
significantly increased percentage of SA-β Gal positive cells in both cell types silenced for
ZNF365. Likewise, an increased expression of PARP1, p21, and γH2AX was observed by
Western blot in both cell lines. Importantly, cellular senescence in human lung fibroblasts
and alveolar epithelial cells has been recently associated as one of the major drivers in
the pathogenesis of IPF [14,26,27]. Cellular senescence is characterized by the inability to
proliferate and the production of an abundant pro-fibrotic and pro-inflammatory secretome.

Doxorubicin has long been recognized as a DNA damaging agent as it inhibits
topoisomerase II activity, and its role as a senescence-promoting drug has also been de-
scribed [13,28,29]. We evaluated whether doxorubicin affected the expression of ZNF365
in human lung fibroblasts and A549 epithelial cells, and found a significant decrease in
ZNF365 expression in both cell types. Interestingly, doxorubicin also causes significant
degradation of PARP1, one of the top downregulated genes when cells are exposed to

http://ipfcellatlas.com/
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different senescent promoting stimuli, such as replicative exhaustion, ionizing radiation,
doxorubicin treatment, or HRASG12V overexpression [13]. Interestingly, doxorubicin treat-
ment in lung cancer cells promoted the upregulation of miR-7-5p, which targets PARP1.
This same microRNA is predicted from the miRTarBase to target ZNF365. We can speculate
that the observed reduction in ZNF365 expression following doxorubicin treatment in our
study could result from the same miRNA (senescence-associated miRNA [30]) or, since
both molecules physically interact, they could work through feedback loops.

Silencing ZNF365 alone provoked cellular senescence in human lung fibroblasts
and A549 cells. It also promoted PARP1 upregulation, which could be a compensation
mechanism as ZNF365 is an important molecule for DNA repair [6].

In summary, we have discovered that ZNF365 is upregulated in hyperplastic alveolar
epithelial cells and fibroblast foci in IPF lung, as well as in a mice experimental pulmonary
fibrosis model, likely as a defense mechanism. The putative antifibrotic protective role of
ZNF365 seems to be associated with the regulation of cellular senescence. Indeed, further
research is necessary to understand better its functions, which will improve our knowledge
about the pathogenesis of this disease.

4. Material and Methods
4.1. Human Samples

The research protocol was approved by the Ethics Committee of Instituto Nacional
de Enfermedades Respiratorias Ismael Cosio Villegas in Mexico City (Identification code:
(#B15-18)). Formalin-fixed, paraffin-embedded tissue samples from surgical lung biopsies
were used for immunohistochemical analysis. Lung samples from five patients with IPF
and two controls were used. IPF diagnosis was undertaken by the Interstitial Lung Disease
Program of the INER according to the ATS/ERS/ALAT guidelines.

4.2. Immunohistochemistry

Immunohistochemical analysis was performed, as we describe next. Briefly, lung
tissues derived from control subjects and IPF patients were deparaffinized, rehydrated, and
incubated for 30 min with hydrogen peroxide diluted in methanol to eliminate endogenous
peroxidase activity. Antigen retrieval was performed using citrate buffer Ph6. Tissues
were blocked using Universal Blocking Solution (Biogenex, San Ramon, CA, USA) for
10 min and then incubated with fetal bovine serum (Gibco, Waltham, MA, USA) for
30 min. Samples were incubated at 4 ◦C overnight with the ZNF365 primary antibody
(Thermo Scientific, PA5-40514 (1:50), Waltham, MA, USA). After primary antibody in-
cubation, lung tissues were incubated with biotinylated secondary antibody (Biogenex,
San Ramón, CA, USA) for 20 min. Samples were incubated with streptavidin coupled with
horseradish peroxidase-conjugated secondary antibody (Biogenex, San Ramon, CA, USA)
for 20 min. Immunodetection was performed with acetate buffer containing 0.05% H2O2
and 3-Amino-9-ethyl carbazole (AEC) (Biogenex, San Ramon, CA, USA) chromogen. The
sections were counterstained with hematoxylin. The primary antibody was replaced by
nonimmune serum for negative control slides. Images were taken with a Nikon microscope
and were analyzed with NIS-Elements Software.

4.3. Cell Culture

Normal human lung fibroblast cell lines NHLF (Lonza Clonetics, New York, NY,
USA), LL24 from ATCC (CCL151), and HPF (Promocell, Waltham, MA, USA) were used.
Primary cultures of lung fibroblasts from control donors and IPF patients were obtained as
previously described [4] and were used between passages 4 to 11. HPF lung fibroblasts were
used for functional and senescence experiments. A549 cells were purchased from ATCC
(CCL-185). Cells were cultured with HAM’s F12 medium (Gibco, Waltham, MA, USA)
supplemented with 10% FBS and 1% antibiotic/antimycotic (Sigma Aldrich, Saint Louis,
MO, USA). Cells were incubated at CO2–95% air at 37 ◦C as described elsewhere [4].
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4.4. TGFβ-1 and Doxorubicin Stimulation

At 70% confluence, human lung fibroblasts were serum-starved for 24 h and A549
epithelial cells for 48 h and then stimulated with TGFβ-1 (R & D, Minneapolis, MN, USA)
at a final concentration of 10 ng/mL in Ham’s F12 with low serum (0.1%). For doxorubicin
(Sigma, Saint Louis, MO, USA) stimulation, cells were seeded at 50% confluence. After
24 h, the medium was removed and replaced with Ham’s F12 medium with a low serum
concentration (2% for A549 and 1% for normal human lung fibroblasts) and [1.25 µM]
doxorubicin was added.

4.5. Real-Time Polymerase Chain Reaction (PCR)

RNA was extracted using a Trizol reagent (Invitrogen, Carlsbad, CA, USA). One µg
RNA was used for RT-PCR using Verso cDNA Synthesis Kit (Thermo Scientific, Waltham,
MA, USA). Quantitative PCR (qPCR) was performed using specific Taqman probes (Applied
Biosystems, Waltham, MA, USA) for ZNF365 (Hs00921620_m1), Zfp365 (Mm00618458_m1),
PARP1 (Hs00242302_m1); 18S (Hs03003631_g1) and POLR2A (Hs00172187_m1). Lightcycler
480 (Roche, Basel, Switzerland) thermal cycler was used for qPCR experiments, and 2−∆Ct

was used for data analysis.

4.6. Western Blot

Total lysates from lung fibroblasts and A549 cells obtained with RIPA lysis buffer
(Saint Louis, MO, USA) were loaded under denaturing conditions onto 10% to 12%
SDS/PAGE polyacrylamide gels. Proteins were transferred into nitrocellulose membranes
(BioRad, Hercules, CA, USA) and then were blocked using 5% skim milk diluted in 0.05%
TBS-T for 1 h. The following primary antibodies were used overnight: for ZNF365 (Abcam,
ab157459 (1:500) and ab22890 (1:200), Cambridge, MA, USA), PARP1 (Cell Signaling, (1:500),
Danvers, MA, USA), p21 (Santa Cruz, sc-6246, (1:500) Santa Cruz, CA, USA), γH2AX (Ab-
cam, ab81299 phosphorylation of S139, (1:500), Cambridge, MA, USA) p53 (R&D, AF1355,
(1:2000), Minneapolis, MN, USA), as well as β actin (Sigma Aldrich, AC-74 (1:10,000),
Saint Louis, MO, USA) and GAPDH (Thermo Scientific, PA1-987 (1:2000), Waltham, MA,
USA). After TBS-T washing, membranes were incubated with specific HRP-associated
secondary antibodies. They were developed with Luminol reagent SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) using ChemiDoc Gel Documentation
System (BioRad, Hercules, CA, USA). Images were analyzed using ImageLab software
(BioRad, Hercules, CA, USA), and densitometric analyses were performed.

4.7. ZNF365 Silencing

Specific siRNA and Scrambled Negative Control sequences were used in silencing
ZNF365 (Origene #SR307854). Briefly, normal human lung fibroblasts and A549 cells were
plated on 6, 12, 24, and 96 well plates at a maximum confluence of 70%. Specific siRNA
and Scrambled Control sequences were mixed with cells using lipofectamine RNAiMAX
(Invitrogen) before plating at a final concentration of 20 nM for both. Cells were used for
RNA, protein, growth rate, and SA-β Gal experiments.

4.8. Growth Rate Experiments

A549 cells (2 × 103 cells/per well) and normal human lung fibroblasts
(5 × 103 cells/per well) were plated on 96 well plates with the mixture of specific siR-
NAs and Scrambled Negative Control sequences in Ham’s F12 medium and HPF specific
medium. After 24 h, 48 h, 72 h, and 96 h, cells were incubated with WST-1 reagent (Roche)
and was used according to the manufacturer’s recommendations. Absorbance was mea-
sured in Synergy (BioTek, Winooski, VT, USA) equipment at 450 nm and the reference
at 620 nm.
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4.9. Apoptosis

A549 cells previously silenced for ZNF365 (24 h before) were seeded at 70% conflu-
ency and stimulated with 30 mU/mL of bleomycin (Cayman) in serum-free medium for
48 h. Normal human lung fibroblasts were seeded at 70% confluency, previously silenced
(48 h before) for ZNF365, and stimulated with [0.1 and 0.5 µM] for 1 h. Cells were har-
vested and stained with PE Annexin V (556421, BD Biosciences, San Jose, CA, USA)
and 7-aminoactinomycin D (7AAD, 559925, Biolegend, San Diego, CA, USA). Cells were
analyzed by flow cytometry in a FACSAria flow cytometer (BD Biosciences). Results
were analyzed with FlowJo 7.8 software (FlowJo, Ashland, OR, USA, Becton Dickinson,
and Company).

4.10. Senescence Associated-β Galactosidase Activity Assay

Cells were set on coverslips, fixed, and stained with the galactosidase activity kit
according to the manufacturer’s instructions (9860S, Cell Signaling). Nuclei were counter-
stained with hematoxylin. Photographs were taken using an inverted microscope (Nikon,
Tokyo, Japan) and were analyzed with NIS-Elements Software. Finally, positive cells were
determined by counting β galactosidase positive cells over total cells per field from two
technical replicates and ten random bright microscopic fields counted for each replicate.

4.11. Murine Model of Pulmonary Fibrosis

Animal use complied with the relevant guidelines and regulations for animal
care, and the protocol was approved by the Bioethics Committee of INER
(Identified Code: B-1518: Date October 2018). Mice with the modified allele EM8383,
C57BL/6nTac-Zfp365tm1a(KOMP)Wtsi/WtsiOrl, were purchased from Wellcome Trust Sanger
Institute (Genome Research Limited, Hinxton, Cambridge, UK, CB10 1SA), where briefly
the exon 2 is deleted when these mice are crossbred with Cre recombinase positive mice, as
this exon is flanked by LoxP sites, thereby generating Tm1b allele [31–34]. The KO mice for
Zfp365 were treated with an intratracheal injection of 40 µL of phosphate-buffered saline
(PBS) or bleomycin (Cayman) (4.66 mg/kg of body weight) and sacrificed at 21 days. We
used male and female mice between 9–10 weeks of age. Right lungs were fixed with 4%
paraformaldehyde for staining with hematoxylin and eosin and Masson’s trichrome stains.
Lung sections were coded and scored blindly for the severity and extent of the fibrotic
lesions as previously described [35].

4.12. Determination of Hydroxyproline

Left lungs from mice were hydrolyzed in 6 N HCl for 24 h at 110 ◦C. Hydroxyproline
was determined by measuring the hydroxyproline content as previously described [36].
Briefly, Aliquots were assayed by adding chloramine T (Sigma-Aldrich, St Louis, MO, USA)
solution, followed by development with Erlich reagent. Each sample was tested in duplicate.
Data are expressed as µg of hydroxyproline/left lung.

4.13. Semiquantitative Evaluation of Lung Morphological Lesions

Lung sections were stained with hematoxylin, eosin, and Masson’s trichrome and
scored blindly for severity and extent of the lesions and percentage of fibrosis as previ-
ously described [35]. A fibrosis score was determined by multiplying the extent of the
lesion × percentage of fibrosis x severity.

4.14. Statistical Analyses

All statistical analyses were performed using GraphPad Prism 8.0 Software
(La Jolla, CA, USA). All data are expressed as the mean ± standard deviation. Unpaired
Student’s t-test, one- and two-way ANOVA with Bonferroni correction were performed as
indicated for each experiment. A p-value < 0.05 was considered statistically significant.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11182848/s1. Figure S1: Zfp365 gene expression is absent
in K.O. mice; Figure S2: ZNF365 silencing does not affect the apoptotic rate in normal human
lung fibroblasts and A549 cells under basal conditions and after an apoptotic stimulus; Figure S3:
Silencing ZNF365 promotes the increase in Col1A1 and Col3A1 in human lung fibroblasts; Figure
S4: TGFβ-1 stimulation of silenced human lung fibroblasts and A549 cells promotes the expression
of senescent markers; Figure S5: Violin plot of the expression of selected genes in epithelial cells
obtained from Idiopathic Pulmonary Fibrosis samples (GSE136831 dataset). Ref [37–44] are cited in
the supplementary materials.
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