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Abstract: Cancer markers are measurable molecules in the blood or tissue that are produced by
tumor cells or immune cells in response to cancer progression. They play an important role in clinical
diagnosis, prognosis, and anti-drug monitoring. Although DNA, RNA, and even physical images
have been used, proteins continue to be the most common marker. There are currently no specific
markers for lung cancer. Metastatic lung cancer, particularly non-small-cell lung cancer (NSCLC),
is one of the most common causes of death. SFPQ, YY1, RTN4, RICTOR, LARP6, and HELLS are
expressed at higher levels in cells from NSCLC than in control or cells from inflammatory diseases.
SFPQ shows the most difference between the three cell types. Furthermore, the cytoplasmic isoform of
SFPQ is only found in advanced cancers. We have developed ELISAs to detect SFPQ and the long and
short isoforms. Evidence has shown that the short isoform exists primarily in cancers. Furthermore,
immunocytometry studies and IHC analysis have revealed that SFPQ levels are consistent with
ELISA results. In addition, enhanced DNA methylation in the SFPQ gene may facilitate the SFPQ
expression differences between control and cancer cells. Considering this, elevated SFPQ level and
the isoform location could serve as a cancer diagnostic and prognostic marker.

Keywords: SFPQ; cytoplasmic isoform; metastasis; non-small cell lung cancer (NSCLC); ELISA; IHC;
DNA methylation

1. Introduction

Cancer markers are measurable molecules that circulate in the blood or tissue that
are generated by tumor cells or immune cells and correspond with cancer progression.
Cancer markers are crucial in clinical diagnosis, prognosis, and cancer therapy monitoring.
Non-small cell lung cancer (NSCLC) is one of the most common cancers that often leads to
death. Several proteins, including CK20, CDX2, STAT3, and CYFRA21-1, have been found
to contribute to tumor growth and metastasis, and could potentially serve as diagnostic
markers for distant metastasis [1-3]. However, no specific markers for lung cancer, as
well as many other cancers, are currently known [4-7]. Discovery of the key genes or
proteins that contribute to lung cancer development and progression could greatly help
in understanding the development of lung cancer and the discovery of novel therapeutic
targets. These could serve as markers and play a pivotal role in clinical diagnosis, prognosis,
and choice of therapeutic agent.

Our proteomics analysis discovered many protein expression differences between
NSCLC and controls. A panel of these differentially expressed proteins was analyzed
further to determine if they are suitable to serve as biomarkers. YY1, RTN4, RICTOR, SFPQ,
LARP6, and HELLS have been associated with cancers previously [8-14] and, in this study,
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exhibited differential level changes between control, Idiopathic Pulmonary Fibrosis (IPF)
and lung cancer cells. IPF is a progressive and malignant disease that is different from
lung cancer because it does not metastasize. SFPQ is not only high in NSCLC, but its
cytoplasmic isoforms are also present only in advanced stages of lung cancer. In light of
this, we have developed sandwich ELISAs to detect the SFPQ isoforms that exist in cell
lysates, cell medium, and human serum. When employing these novel ELISAs, it was
discovered that SFPQ levels are high in lung cancer and other cancer samples. Additionally,
both IHC and IF also found that in the cytoplasm, SFPQ isoform is elevated in cancer cells.
Considering this, SFPQ expression and its subcellular location is a special feature and can
serve as a diagnostic and treatment-monitoring marker in lung cancer.

2. Result
2.1. SFPQ Has Highest Expression in a Panel of Overexpressed Proteins in Lung Cancer Compared
to IPF and Other Cellular Controls

In previous studies, we used the cell surface markers CD44 and stage-specific embry-
onic antigen-4 (SSEA-4) to isolate stem-like cells from primary fibroblasts derived from
explant IPF tissue. It has been shown that CD44+SSEA-4+ double-positive cells preferen-
tially express some stem-cell genes [15,16]. CD44 and SSEA-4 were used as markers for the
isolation of stem cells from the NSCLC and normal lung cells [17]. We found several pro-
teins differentially expressed between the control and NSCLC. To screen NSCLC markers
further, we include IPF nuclear protein profiles in our comparison. IPF is a progressive
and malignant disease that is different from lung cancer because it does not metasta-
size. Three groups of nuclear proteins (ProteomeXchange: PXD032352) were applied fur-
ther to ingenuity signal transduction pathway analysis (www.ingenuity.com, accessed on
1 February 2023), then the selected proteins were further screened with the Proteinatlas
database (www.proteinatlas.org, accessed on 1 February 2023).

Global proteomic analyses with stem cells from NSCLC, IPF, and the control group
identified 5016 proteins (4189 unique entries) present in the nuclear fraction of all cell
groups. A total of 1041 proteins (20% of the total protein) were observed to be significantly
different (with p < 0.05 in the Mann—-Whitney Test) between the control and IPF groups,
981 proteins (20% of the total protein) were observed to be significantly different (with
p < 0.05 in the Mann—-Whitney Test) between the control and NSCLC groups; 469 proteins
were observed to be significantly different between NSCLC and IPF groups. Those proteins
were applied to Ingenuity Pathway Analysis (IPA) software to analyze biomarkers, cell
function, upstream regulatory factors, and signal transduction pathways. YY1, RTN4,
RICTOR, SFPQ, BMI1, LARP6, and HELLS expression levels were differentially elevated
in NSCLC compared to IPF and controls, while this panel of proteins had the greatest
expression in NSCLC. When we review the details of those proteins, they are all related to
cancer development [8-14]. SFPQ [18-20], RTN4 [12,21], RICTOR [22-26], LARP6 [27-30],
and HELLS [8-10,31,32] are all associated with cancer.

Each protein involved in cell processing was probed in the Proteinatlas database
(https:/ /www.proteinatlas.org/, accessed on 1 June 2023) and investigated for the largest
expression difference in NSCLC cells. SFPQ, RTN4, HELLS, RICTOR, and LARP6 have high
expression in lung cancer and other cancer cells and tissues. We further conducted RT-PCR
and Western blot analysis to validate the expression level of RTN4, RICTOR, LARP6, and
HELLS with primary control cells compared to IPF and NSCLC cells. RTN4, RICTOR, and
HELLS have elevated expressions in NSCLC cells compared to normal control and IPF
cells. LARP6 was shown to be higher in IPF than in NSCLC or normal controls. We further
analyzed these proteins using Western blot studies and found RICTOR and LARP6 have
greater expressions in both IPF and NSCLC but have similar expressions for NSCLC and
IPF (Figure 1A,D). SFPQ, RTN4, and HELLS were shown to have high expression in both
IPF and NSCLC compared to control cells, and a substantial difference between IPF and
NSCLC was revealed (Figures 1B,C, and 2A,B). The protein with the largest expression
difference in NSCLC compared to control cells is SFPQ.


www.ingenuity.com
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Figure 1. Differential expression levels of RICTOR, RTN4, HELLS, and LARP6 among NSCLC, IPF,
and controls. Primary cells from controls, IPF, and NSCLC were used in RT-PCR analysis and Western
blot to quantify RICTOR (A), RNT4 (B), HELLS (C), and LARP6 (D). Significance was analyzed using
One-Way ANOVA.

2.2. SFPQ Isoform Levels Are Different between Control and Lung Cancer Cells

Splicing factor proline- and glutamine-rich (SFPQ) is a ubiquitous and abundant
RNA binding protein (RBP) that plays multiple regulatory roles in the nucleus such as
paraspeckle formation, DNA damage repair, and several transcriptional regulation pro-
cesses. An increasing number of studies have demonstrated the nuclear and cytoplasmic
roles of SFPQ in neurons, particularly in post-transcriptional regulation and RNA granule
formation. Not surprisingly, the misregulation of SFPQ has been linked to pathological
features shown by other neurodegenerative disease-associated RBPs such as aberrant RNA
splicing, cytoplasmic mislocalization, and aggregation. SFPQ has been implicated in nu-
merous cancers often due to interactions with coding and non-coding RNAs, along with
some nuclear proteins [18-20]. The SFPQ cytoplasm isoform was reported to be related to
neuronal diseases [33]. To determine if there is an SFPQ expression-level difference exten-
sive enough between normal and NSCLC for SFPQ to serve as a diagnostic marker, RT-PCR
and Western analysis were performed. SFPQ was shown to be higher in lung cancer than
control and IPF cells, or inflammatory lung disease cells (Figure 2A). Subcellular fractions
of controls, IPF, inflammatory lung disease cells, and lung cancer cells were isolated and
used to analyze SFPQ isoforms. Antibodies against the C-terminal of SFPQ and a segment
near the N-terminal of SFPQ were used in Western analysis. Bands of 80 and 120 kDa SFPQ
were detected in most of the cellular nuclear fractions while the 30 and 50 kDa SFPQ bands
were observed in NSCLC cells (Figure 2B,C). SFPQ levels were 5-fold higher in NSCLC
than in control and 2.5-fold higher than IPF revealed by RT-PCR. SFPQ exhibited 4-fold
higher levels than control samples and 2-fold higher expression than IPF in Western blot
analysis (Figure 2). These data indicate that SFPQ is elevated in lung cancer, and the short
SFPQ is exclusively elevated in the cytoplasm of lung cancer cells. Given this, the short
SFPQ isoform may be considered a specific marker for NSCLC.
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Figure 2. The expressions of SFPQ isoforms are different between NSCLC, IPF, and controls. SFPQ
levels were analyzed with RT-PCR (A) and Western blot analysis (B). Densitometry values are shown
in the right-hand graph. Multiple SFPQ bands present in NSCLC, IPF, and controls are the different
SFPQ isoforms. SFPQ expression levels are different between IPF and NSCLC in Western blot analysis
with primary cell lysates. (C) The different SFPQ isoforms in cytoplasmic and nuclear fractions from
NSCLGC, IPF, and control primary cell lines. The left panel shows an example of Western blot bands
for SFPQ in the nuclear fraction of those cells (Lamin as loading marker). The right panel shows an
example of Western blot bands for SFPQ in the cytoplasm fraction of those cells (GAPDH as a loading
marker). Significance was analyzed using One-Way ANOVA.

2.3. Short SFPQ Isoform Is Only Located in the Cytoplasm of Lung Cancer Cells

Since the short isoform of SFPQ is in the cellular fraction of lung cancer as shown in
the immunoblot analysis employing cell lines, we further examined if this phenomenon
persists in lung cancer from tissue samples. IHC and IF with anti-short or long SFPQ
were developed and applied to cell lines and patient samples. Anti-SFPQ short (against
N-terminal peptide) or SFPQ long (against C-terminal peptide) were used in IHC and IF
staining. The results from IHC showed that SFPQ long exists in the nucleus of normal
control, IPE, and lung cancer, while lung cancer had the highest expression level (Con: IPF:
Cancer = 0.6044 + 0.0175:1.17 + 0.024:2.76 + 0.21) (Figure 3A). We tested 14 cases of
lung cancer; 11 lung cancers were positive for the anti-N-terminal of the SFPQ anti-
body (short SFPQ) in the cytoplasm of cancer cells. Alternatively, in 9 non-cancer tis-
sues, the cytoplasm was negative for SFPQ N-terminal antibody (short SFPQ) (Con: IPF:
Cancer = 0.134 + 0.0115:0.17 + 0.024:2.56 + 0.23) (Figure 3B), indicating SFPQ isoforms
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are located differentially into subcellular compartments. IF staining with the primary cell
lines led to a similar result; however, the results displayed a positive anti-SFPQ N-terminal
stain with lung cancer cells but not control and IPF cells (Figure 3C). Since the short SFPQ
isoform is only present in the cytoplasm of lung cancer cells, this SFPQ isoform distribution
could be a potential marker for clinical tests for lung cancer.
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Figure 3. SFPQ short isoform exists in NSCLC cytoplasm, but SFPQ long isoform is in the nucleus
of all tested cells. (A) IHC staining of lung cancer tissue, IPF, and control. SFPQ antibodies were
used to detect SFPQ in the samples. A. SFPQ antibody HPA054689 (polyclonal, antigen: C-terminal
peptide) for full-length SFPQ and (B) SFPQ antibody CAB009886 (Polyclonal, antigen: whole SFPQ)
for short and long SFPQ. (C) Immunostaining lung cancer tissue, IPF, and control for SFPQ isoforms.
An antibody to SFPQ and an antibody to SFPQ C-term (Anti-C-terminal antibody) were employed to
detect the long and whole SFPQ isoforms. In addition, an antibody to the SFPQ N-terminal was used
to recognize the short and long isoforms. Significance was analyzed using one-way ANOVA.
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2.4. ELISA Assay for SFPQ Isoforms

To determine if SFPQ could be a diagnostic marker, it was necessary to ascertain if
SFPQ is detectable in human serum. ELISAs for both SFPQ isoforms were developed
to generate a differential ELISA assay system to assess both isoforms. SFPQ levels in
cancer cell lines and lung cancer patient serum were greater than IPF and control cell
lines and patient serum. SFPQ was detected with SFPQ long ELISA in all cell lysates and
cell-conditioned medium. The assay could detect SFPQ as low as 20 pg/mL (Figure 4A).
SFPQ long in all cancer cell-conditioned medium (Figure 4B) were much higher than control
and IPF cell conditional medium. To measure SFPQ short isoform, the SFPQ long isoform
was depleted from samples using SFPQ long antibody affinity column; then, the samples
were applied to SFPQ short ELISA. SFPQ short ELISA could detect 5~160 pg/mL of SFPQ
short (Figure 4D). SFPQ short was only detected in cell conditioned medium from cancer
cells (Figure 4E).
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Figure 4. SFPQ isoform levels are high in NSCLC cell medium and NSCLC patient serum.
(A) SFPQ long ELISA can detect SFPQ in samples from 20 pg or greater. (B) Measurement of
SFPQ long in control, IPE, and cancer cell medium with ELISA. (C) SFPQ long is measured in control,
IPF, and cancer patient serum. (D) SFPQ short ELISA can detect SFPQ lower than 10 pg per sample.
(E) SFPQ short is measured in control, IPF, and cancer cell medium with ELISA. (F) SFPQ short is
measured in control, IPF, and cancer patient serum. Cell lines for (B,E): 5 lung cancer; another cancer:
3 breast cancer, 2 kidney cancer. Serum for (C,F): 13 lung cancer, 4 kidney cancer, 4 breast cancer, and
3 prostate cancer. Significance was analyzed using one-way ANOVA.
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2.5. SFPQ Is Elevated in Cancer Serum

We further measured the SFPQ level using ELISAs with human serum samples from control
disease patients, IPF patients, and cancer patients. For SFPQ long, samples were diluted 20-fold
and then applied to SFPQ long ELISA. For the SFPQ short, samples were diluted 2-fold and
then applied to an SFPQ long isoform affinity column followed by ELISA. SFPQ was shown
to be higher in cancers than in controls and IPF. The SFPQ long isoform was shown to have
higher levels in cancer than in other diseases, while SFPQ short isoform was mainly detected
in cancer samples (Figure 4C,F). The long SFPQ isoform detected by ELISA in control and IPF
(3.34 + 0.24 and 9.97 + 1.24 ng/mL) was shown to be much lower than in lung cancer and other
cancer serums (40.94 + 2.81 and 43.57 + 2.64 ng/mL). Short SFPQ isoform levels in cancer serum
were 46.84 + 3.55 in lung cancer and 55.17 + 4.34 pg/mL in serum from other cancers (com-
pared to 4.76 + 0.82 in control and 6.64 + 1.95 pg/mL in IPF). These data suggest that SFPQ
long levels were higher in lung cancer patient serum and serum from other cancer patients
than in serum from other diseases, whereas SFPQ short levels were found primarily in lung
cancer patient serum and serum from other cancer patients. The short SFPQ level change is
more cancer-specific.

2.6. DNA Methylation Affects SFPQ Expression in Lung Cancer and Other Cancers

We then explored a possible mechanism for the SFPQ isoform changes seen in lung
cancer. DNA methylation is an important factor in cancer development [34-39] that can
lead to changes in expression [40-42]. We have discovered DNA methylation differences
in the SFPQ promoter region which may be responsible for the SFPQ isoform expression
differences between lung cancer and IPF and normal cells.

The different-sized SFPQ isoforms could be due to protein expression from multiple
promotors in the regulatory region of its gene. Given this, levels of the various-sized SFPQ
mRINA were assessed. These studies revealed that segment P1 is substantially elevated
compared to segment P2 which has a greater level than segment P3 (Figure 5A). These
results suggest that there are different isoforms expressed at different levels. The SFPQ
upstream region was analyzed with a promoter program [43], and it was revealed that there
are three promotors in this region. The promotor activity was determined after inserting
these three different DNA segments into a luciferase reporter vector [44] (Figure 5B). The
result demonstrates that Promoters 1 and 2 have higher activity than promotor 3. Promotor
2 should be responsible for the expression of short SFPQ based on promotor activity
level and SFPQ isoform expression level. To test if the DNA methylation status induces
the SFPQ isoform level variation in lung cell lines, the DNA methylation levels were
assessed in the Promoter 2 region in lung cancer and control cells. It was revealed that
the DNA is hypomethylated in the SFPQ promoter of cancer cells compared with control
cells and IPF cells (Figure 5C). In addition, the mRNA level of the P2 segment of SFPQ
is different between control, IPF, and lung cancer cells (Figure 5D). mRNA levels were
very low in the control and IPF samples, which is consistent with Western blot analysis
earlier. Then, we examined if methylation inhibition changed the methylation level and
SFPQ expression. Following the inhibition of DNA methylation in lung cancer cells, the
DNA methylation level in SFPQ promoters decreased, which led to an increase in SFPQ
expression (Figure 5E). These data indicate that DNA methylation causes abnormal SFPQ
isoform expression.
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Figure 5. The methylation levels of SFPQ promoters are inversely related to SFPQ expression. (A) RT-
PCR was employed to quantify SFPQ isoform mRNA levels. (B) To characterize the SFPQ promoter
segments, several luciferase reporter constructs were generated to determine promoter strength.
n =4 each in figure (A—C) Methylation levels of SFPQ Promoter P2 (275 bp) in primary cell lines of
normal, IPF, and lung cancer were assessed, (1 = 8 each). (D) The quantification of SFPQ P2 isoform
levels measured by RT-PCR. (E) The methylation in SFPQ promotor P2 affects SFPQ expression.
Methylation levels of SFPQ promote P2 (bp 275) in primary cell lines of normal and NSCLC were
determined by the sequencing of clones subjected to bisulfite conversion [left graph]. The right graph
reveals SFPQ isoform levels quantified by RT-PCR—a total of 4 cell lines with 3 separate experiments.
Significance was analyzed using one-way ANOVA.

3. Discussion

Cancer markers are measurable molecules that circulate in the blood or tissue and
are generated by tumor cells or immune cells in response to cancer progression (3, 4, 21,
22). They play an important role in clinical diagnosis, prognosis, and anti-drug monitoring.
Although DNA, RNA, and even physical images have been used, proteins remain the
most common marker type. Cancer markers have several advantages over traditional
diagnostic approaches, including being less expensive, less time-consuming, and less
invasive. NSCLC is one of the most common cancers that kills. Numerous clinical trials
have been conducted to look for markers for advanced-stage NSCLC. Some markers,
including CEA, CA19-9, CA125, AFP, NSE, CK20, CDX2, STAT3, CA15-3, and CYFRA21-1,
were investigated, but none were found to be specific to cancer [45,46]. MSCs have recently
received a lot of attention for their role in the development of various diseases and cancers.
They may aid in tumor growth and metastasis [45—49]. Spatial proteomics is a powerful,
evolving technology that defines the proteome in specific subcellular compartments [50,51].
The combination of quantitative mass spectrometry and bioinformatics analysis has a
significant advantage in screening key proteins for specific cell functions [52-58]. We used
quantitative mass spectrometry and creative pathway analysis to identify markers in the
nuclear compartment of NSCLC and IPF MSCs, which has a few advantages. (1) Using
proteins from a nuclear fraction (rather than proteins from the whole cell) avoids common
protein noise in proteomics analysis; (2) Ingenuity pathway analysis excludes proteins from
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common structures, pathways, and functions; and (3) Data showed that several proteins
were identified with significantly different levels in NSCLC and controls. They include
YY1, RTN4, RICTOR, SFPQ, BMI1, and HELLS. They are not only higher in NSCLC but
also high in other cancers. SFPQ was not only much higher in NSCLC tissue but also a
50 KD isoform of it was mostly found in cancer samples.

SFPQ is a multifunctional protein. It can bind to DNA and RNA and thus regulate
RNA splicing and protein transcription. It was also discovered that its accumulation in
the cytoplasm could be the cause of some neuronal diseases [20,21,34,47]. SFPQ levels are
elevated not only in lung cancer but also in other cancer samples. SFPQ mRNA and protein
levels were first assessed in control and lung cancer primary cells; SFPQ levels are higher
in lung cancer cells than in other cells. When we measured SFPQ in patient serum, we
discovered that it is higher in cancer serum than in other serum samples. Because SFPQ
serves multiple functions in cells, changes in its expression level may have an impact on cell
function and its cytoplasmic isoform. First, we found its cytoplasm isoform is exclusively
present in advanced-stage NSCLC. Then we discovered this isoform also exists in other
lung cancer and other solid cancers. It is also found in the serum of cancer patients. As
a result, SFPQ and its cytoplasm (short) isoform are appropriate diagnostic markers for
these cancers. The difference was detected by ELISA, and IHC and immunocytochemistry
revealed that SFPQ isoforms are present in different subcellular locations. Then, all ELISA,
IHC, and immunocytostaining techniques could be used to detect abnormalities in SFPQ
levels and subcellular location. Serum and bodily fluids are the best clinical samples for
disease diagnosis. We used an ELISA to detect SFPQ in cell lysates, cell conditional medium,
and patient serum. The current findings are based on a small number of patients with
advanced cancers; however, with more human patient samples, the relationship between
SFPQ levels and SFPQ isoform subcellular levels and cancer stages could be established.

DNA methylation is essential for human life, and it is an epigenetic phenomenon of
adding a methyl group to the 5 position of the cytosine without changing DNA sequences.
This epigenetic modification can alter gene expressions and could be inherited by the
next generation [47,48]. The DNA methylation process plays an important role in the life
of mammals because this process regulates aging and cancer [49,50]. It is well known
that aberrant DNA methylation is one of the chief factors associated with many forms of
cancers, and usually, many cancer-related genes contain hypermethylation. In addition,
promoter gene methylation is better understood than methylation in non-promoter regions,
and whether gene methylation in the non-promoter region has the same significance for
cancers is largely unclear. Promoter DNA methylation can prevent tumor suppressor gene
expression. Most CGlIs (CpG islands) are subjected to methylation [38,39]. In summary,
aberrant changes in DNA methylation could facilitate tumor development. Our findings
revealed that there are three promoter regions in SFPQ upstream, with varying levels of
methylation. SFPQ levels in cancer cells were altered by manipulating their methylation.
These findings suggest that DNA methylation in SFPQ promotor regions may regulate
SFPQ expression differently in cancers compared to normal control and inflammatory lung
diseases. The effect of SFPQ on cancer cell function is not the focus of this paper. Because
SFPQ has multiple functions in cells, changes in its level should affect cell functions in
cancer cells. The cytoplasm isoform is another potential mechanism for SFPQ in cancer
pathology. There are few reports on its mechanism in neuronal diseases, and cytoplasm
SFPQ plays a key role in the development of those neuronal diseases [33,51-53]. SFPQ
could bind RNA, and RNA binding of its abnormal cytoplasm isoform might play roles in
cancer cells too.

Our findings suggest that SFPQ and its isoforms may serve as markers for lung cancer
and other solid cancers. More research will be needed to determine whether it holds with a
larger number of patient cases and samples.
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4. Materials and Methods
4.1. Primary Cell Lines, Patient Tissue Sections and Serum

Primary lung cell lines were established from patients fulfilling diagnostic criteria for
IPF and lung cancer including a pathological diagnosis of usual interstitial pneumonia.
Patient controls were selected to be similar in age to IPF and lung cancer patients with
non-fibrotic lung disorders. Control, IPF, and lung cancer cell lines were derived from lungs,
and cultivated as previously described [54]. Human serum and patient tissue sections were
collected and prepared through Bionet, University of Minnesota. Serum was collected and
stored at —80 °C for further analysis.

4.2. Cell Cultures and FACS Sorting

Primary cells for NSCLC and control cases were harvested from the lung tissue
biopsy of adult donors according to a protocol approved by the University of Minnesota
Institutional Review Board. Culture supplies were obtained from Thermal Scientific except
where noted. MSCs were enriched, purified, and cultured as described previously [16,55,56].
For the isolation of MSCs, primary mesenchymal cells were labeled with mouse anti-human
SSEA4 antibody conjugated to Alexa Fluor® 647 (Clone MC-813-70; Catalog #560796;
BD Biosciences, Franklin Lake, NJ, USA) and mouse anti-human CD44 conjugated to
FITC (Clone IM7; Catalog #103006; BioLegend, San Diego, CA, USA). Cells were sorted
on a FACS Aria Cell Sorter (BD Biosciences). Cells with SSEA4+ and CD44+ (relative
to mouse IgG3 « isotype control conjugated to Alexa Fluor® 647, clone J606, catalog
#560803 BD Biosciences and mouse IgM k isotype control conjugated to FITC, catalog
#402207; BioLegend, respectively) were collected as previously described [55]. For IPF
MSC isolation, the FACS Sorter gate was set to collect SSEA4-positive cells at the top 3% of
CD44 expression.

4.3. Isolation of Cell Nucleus

Primary MSCs were used to isolate cell nuclei with the cell organelles fraction kit
(Thermo Scientific, Waltham, MA, USA) by following the manufacturer’s instructions.
Nuclear fractions of lung cancer MSCs and control MSCs were isolated by NE-PER Nuclear
and Cytoplasmic Extraction reagents (Thermo Scientific, Waltham, MA, USA).

4.4. Ingenuity Pathway Analysis (IPA)

The lung cancer MSC nuclear proteomic analysis data were imported to the IPA
(http:/ /www.ingenuity.com, accessed on 1 March 2023) for functional analysis, canonical
pathways, and upstream regulator analysis. Fisher’s exact test was used to calculate a
p-value, which determines the probability that each biological function and/or disease
assigned to the dataset is caused only by chance [57,58].

4.5. Assay for SEPQ Isoforms

SFPQ ELISAs were established. SFPQlong ELISA: Antibody for full-length SFPQ was
used for coating (2 pg/mL each, 15585-1, Proteintech); detecting antibody was H00006421,
Abnova for full-length SFPQ and HRP-anti-mouse or rabbit conjugate. SFPQshort ELISA
employed an antibody against SFPQ amino acids from 236 to 349 was used for coating
(2 pg/mL each, 15585-1, Proteintech). Detecting antibodies were 67129-1, Proteintech for
short isoform, and HRP-anti-mouse or rabbit conjugate.

Serum, plasma, tissue homogenates, or cell lysate and cell culture medium could be
applied. For long SFPQ), all samples were diluted and applied directly. For SFPQ short, all
samples were gone through the SFPQ C-terminal column first and then applied to ELISA.
SFPQ C-terminal Ab affinity column was used to deplete full long SFPQ in samples. A total
of 10 pg of anti-SFPQ C-terminal antibody (122-133112, Raybiotech Peachtree Corners, GA,
USA) was cross-linked with Mag Sepharose beads (2894409, Cytiva Waltham, MA, USA) to
make this affinity column.
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4.6. IHC (Immunohistochemistry) Staining for SFPQ

Immunohistochemistry was performed on 4 pm paraffin-embedded serial sectioned
NSCLC and control lung tissue and mounted on polylysine-coated slides. The sections
were deparaffinized in xylene, rehydrated through a graded methanol series, quenched
with 0.3% hydrogen peroxide in methanol, and immersed in a 98 °C water bath for 30 min
in citrate buffer (pH 6.0) for antigen retrieval. Sections were placed in 5% Normal Horse
Serum (Jackson Immunoresearch, West Grove, PA, USA) to block the non-specific binding
of secondary antibodies. A multiplex immunohistochemistry kit was used for antigen
detection according to the manufacturer’s instructions (MULTIVIEW IHC Kit ADI-950-101-
0001; Enzo Life Sciences, Farmingdale, NY, USA). The tissue specimens were incubated
overnight (18-20 h, 4 °C) with the following primary antibodies: anti-SFPQ monoclonal
antibody (1:800) (Ab1888647, Abcam Waltham, MA, USA), anti-human SFPQ antibody
(1:500) (Ab15086, Abcam, USA). Specimens were cover-slipped with a Prolong Antifade
Kit (Invitrogen/Molecular Probes) and stored overnight at room temperature without light
before image analysis. The tissue section was then visualized with DAB or Vulcan Fast Red
(Biocare Medical Pacheco, CA, USA).

4.7. DNA Methylation Analysis

Coupling bisulfite conversion with DNA sequence analysis was used [59]. EZ DNA
methylation direct kit was used (Zymoresearch, Irvine, CA, USA). The methylation levels of
CpG sites were evaluated with pyrosequencing. All manipulations of bisulfite conversions,
PCRs, and methylation quantification were previously described [60].

4.8. Luciferase Reporter Assay

Promoter segments (P1, bp 214~516; P2, bp 800~1075; P3, 9413~9685) of SFPQ were
inserted into the luciferase vector and luciferase activity was then measured [44] (Renogen,
Vancouver, Canada). A Luciferase reporter gene detection kit was used. The assay was
conducted following the manufacturer’s instructions (Millipore Burlington, MA, USA). To
perform the luciferase assay, 100 uL of each plate lysate is used for luciferase assay. Results

were read at 480 nm with a SpectraMax M3 microplate reader (Molecular Devices San Jose,
CA, USA).

4.9. Western Blot Analysis

Cells were washed twice in cold PBS and lysed in New RIPA lysis buffer (150 mM
NaCl, 50 mMTris pH 8.0, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 0.1% SDS,
and 1% Triton X-100) with protease inhibitor cocktail (0.1 M phenylmethylsulfonyl fluoride,
5 ug/mL leupeptin, 2 ug/mL aprotinin, and 1 pg/mL pepstatin). Protein concentrations
of whole cell lysates were determined using the BCA method and equal amounts of each
protein sample (15 pg) were separated on an 8~14% SDS-polyacrylamide gel at 80 V.
Separated proteins were then transferred to a polyvinylidene difluoride membrane for
8 min on the turbo transfer system (Invitrogen Carlsbad, CA, USA). After blocking with
5% skim milk powder for 1 h at RT, the membrane was incubated with primary antibody
for 1 h at RT or overnight at 4 °C. The membrane was washed three times for 15 min
with 0.05% PBS-Tween and then incubated for 1 h at RT with the horseradish peroxidase-
conjugated secondary antibody. After extensive washing with 0.05% PBS-T, protein bands
were visualized by ECL Plus according to the manufacturer’s instructions (Cell signaling
Danvers, MA, USA).

4.10. Real-Time Reverse Transcription PCR

Total RNA was extracted with the RNeasy minikit and the cDNA was synthesized with
miScript 92 RT kit (Qiagen Hilden, Germany). PCR reactions contained 10 pL. SYBR@Green
SuperMix (Bio-Rad Hercules, CA USA), 900 nM forward primer, 900 nM reverse primer, and
50 ng cDNA in 20 puL of reaction volume. Reactions were performed in a 7900 HT Sequence
Detector (Applied Biosystems Waltham, MA USA) with a cycling protocol (conditions:
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pre-denaturation at 95 °C for 5 min. For the cyclic reactions (40 x); denaturation at 95 °C
for 5 s and amplification at 60 °C for 30 s. The fluorescence reading was performed at the
amplification step) described before (Applied Biosystems) [55]. The primers are as follows:

GAPDH Forward: 5-TGTTGCCATCAATGACCCCTT-3
GAPDH Reverse: 5'-CTCCACGACGTACTCAGCG-3’
Rictor Forward: 5-TGTATGCAAGAGCCAAGCAC-3
Rictor Reverse: 5'-CTGATTCCTGCTTTCCACAAG-3’
RTN4 Forward: 5- GGCTCAGTGGATGAGACCCT-3’
RTN4 Reverse: 5'- TGTTACCTGGCTGCTCCTTC-3’
HELLS Forward: 5-TAGAGAGTCGACAGAAATTCGG-3’
HELLS Reverse: 5'-CCTCATAACTGGCTTCTCTTCA-3’
LARP6 Forward: 5'- TTACACGGGACTGGAGAACC-3/
LARPS6 Reverse: 5'- GTCCCAAAAAGCTTGAGCAG-3’
SFPQ Forward: 5'-GATCTACAGGGAAAGGCATTGTTG-3'
SFPQ Reverse: 5'-GATACATTGGATTCTTCTGGGCA-3’
SFPQ isoform PCR primers:

SFPQ P1 Forward: 5-CTCCACGACTTCCGTTCTCC-3’
Forward: 5'-CTGAGGAGGTGTGGTAGGGA-3’

SFPQ P2 Forward: 5'-GTCCCTACCACACCTCCTCA-3’
Forward: 5'-TCCGAGATCTTCTCCTCGCT-3'

SFPQ P3 Forward: 5-GCAGCGAGGAGAAGATCTCG-3’
Forward: 5'-CTGTCGTCTCATCAGATAGGTCTT-3'

SFPQ Promotorl

Forward: 5'-GCCTCAATCAGAATCGCGG-3'

Reverse: 5'-GGTCGGAGTCGGGCCT-3 GGTCGGAGTCGGGCCT
SFPQ Promotor 2

Forward: 5'-GGTCCCAAAGGCGGCAAAAT-3

Reverse: 5'-CCATCTTAGGGGAGCCGAC-3’

SFPQ Promotor 3

Forward: 5'-GGTCATTTTGTTGCATTTCCCC-3’

Reverse: 5'-TTTGCCCAACAGAAGTAGCAC-3/

RT-PCR products were quantified at the log-linear portion of the curve using LightCy-
cler analysis software and compared to an external calibration standard curve.

4.11. Statistical Analysis

All experiments were performed at least in triplicate, and results were analyzed
using one-way ANOVA (For the proteomics method described above). The criterion for
significance was p < 0.05. Numerical data are reported as means £ standard deviations.
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