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determined by multi-omics
analyses of ductal
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Introduction: Breast cancer (BC) is the most common cancer affecting women
in the United States. Ductal carcinoma in situ (DCIS) is the earliest identifiable
pre-invasive BC lesion. Estimates show that 14 to 50% of DCIS cases progress to
invasive BC.

Methods: Our objective was to identify nuclear matrix proteins (NMP) with
specifically altered expression in DCIS and later stages of BC compared to
non-diseased breast reduction mammoplasty and a contralateral breast
explant culture using mass spectrometry and RNA sequencing to accurately
identify aggressive DCIS.

Results: Sixty NMPs were significantly differentially expressed between the
DCIS and non-diseased breast epithelium in an isogenic contralateral pair of
patient-derived extended explants. Ten of the sixty showed significant mRNA
expression level differences that matched the protein expression. These 10
proteins were similarly expressed in non-diseased breast reduction cells. Three
NMPs (RPL7A, RPL11, RPL31) were significantly upregulated in DCIS and all
other BC stages compared to the matching contralateral breast culture and an
unrelated non-diseased breast reduction culture. RNA sequencing analyses
showed that these three genes were increasingly upregulated with BC
progression. Finally, we identified three NMPs (AHNAK, CDC37 and DNAJB1)
that were significantly downregulated in DCIS and all other BC stages
compared to the isogenically matched contralateral culture and the non-
diseased breast reduction culture using both proteomics and RNA
sequencing techniques.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1406946/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1406946/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1406946/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1406946/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1406946/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2024.1406946&domain=pdf&date_stamp=2024-08-06
mailto:jean.latimer@nova.edu
https://doi.org/10.3389/fonc.2024.1406946
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2024.1406946
https://www.frontiersin.org/journals/oncology

Almutairy et al.

10.3389/fonc.2024.1406946

Discussion: These genes should form the basis of, or contribute to, a molecular
diagnostic panel that could identify DCIS lesions likely to be indolent and
therefore not requiring aggressive treatment.

KEYWORDS

ductal carcinoma in situ (DCIS), biomarkers, breast cancer, proteomics, breast cancer
prognosis, gene expression

Introduction

Breast cancer (BC) was the most common cancer affecting
women in the United States in 2023 (1). The estimated number
of new cases of invasive breast cancer in 2023 exceeded 297,800,
with more than 43,000 deaths (1). Mammographic screening and
detection have been identified as factors contributing to the reduced
mortality of BC and increased incidence of ductal carcinoma in situ
(DCIS) (1, 2). DCIS is the earliest identifiable pre-invasive breast
cancerous lesion that may progress to invasive BC. The estimated
number of new DCIS cases in the United States exceeded 55,000
cases in 2023, highlighting the fact that DCIS constitutes
approximately 20-25% of all diagnosed breast cancer cases (1, 3).

Estimates show that 14 to 50% of DCIS cases will breach the
duct and progress to invasive breast cancer (4-7). The clinical
behavior of DCIS lesions is not entirely understood. It is currently
impossible to differentiate between aggressive and indolent DCIS
cases at diagnosis, therefore all cases are treated. Conventional
management includes surgery with or without radiation and
endocrine therapy, which can lead to complications (8, 9).

One of the hallmark events in cancer progression is
morphological alterations in cancerous cells such as irregularities in
the size and shape of the nucleus and an increase in the nucleus-to-
cytoplasmic ratio, features that contribute to prognosis by defining
nuclear grade (10). The nuclear matrix (NM) is a fibrous scaffolding
system that participates in maintaining the spatial arrangement of the
genome and nuclear components (11). Proteins in the NM are also
intrinsic to such functions as apoptosis, proliferation and cell cycle
regulation. Characteristic alterations in the protein composition of
the NM of tumor cells have been observed, such as an increase in high
molecular weight phophoproteins, differences in lipid composition
and altered DNA loop attachment (12). Changes in NMPs have been
associated with breast, prostate, colon, head and neck, cervix and
bladder cancers (13). Changes in the NM are accompanied by
reorganization of chromosomal domains, affecting transcription,
translation and replication (14). It has been suggested that some
changes to the NM promote genetic and chromosomal instability,
which might directly confer a more aggressive phenotype (15).

In this study, we used a novel tissue-engineering system to
establish model systems representative of non-diseased breast as
well as different molecular subtypes of all stages of normal breast
and BC, including DCIS (16-18). In addition, we examined NMP
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differences between these systems at both the protein and RNA levels.
We specifically studied NMPs that were differentially expressed
between a novel DCIS patient-derived extended explant with an
abnormal karyotype and a similar culture from the isogenically
matched contralateral, non-diseased breast from the same patient
with a normal karyotype. We quantitatively analyzed the NMPs using
a mass spectrometry (MS)-based relative quantitative methodology to
identify biomarkers that were altered in both DCIS and invasive BC
cell lines and absent in the non-diseased contralateral counterpart
and an independent normal breast explant. Proteomic biomarker
candidates meeting these specific criteria were then analyzed at the
level of RNA sequencing to determine if differential mRNA levels
matched changes in protein levels which would allow for future
molecular biomarker development.

Materials and methods
Chemicals

Unless otherwise noted, all chemicals were from Sigma-Aldrich
(St. Louis, MO).

Cell culture

The DCIS and contralateral breast tissue (unaffected breast)
were obtained from a 35-40 year old woman of Middle Eastern
ancestry who underwent a double mastectomy. An additional non-
diseased breast explant, JL-BRL-6 was used as a normal control and
obtained from a reduction mammoplasty surgery carried out at
UPMC Magee-Womens Hospital (19). Human BC tissues that
represent all BC stages were obtained from women who were
undergoing surgeries at UPMC Magee-Womens Hospital under
IRB 0609002. (Supplementary Table 1).

The explants were physically disaggregated into flasks
containing a thin coat of Matrigel, a reconstituted basement
membrane matrix (Biotechne, Minneapolis, MN). The explants
were maintained in serum-rich MWRI, a previously described
tissue culture medium (16, 17, 20). All the explants were
incubated in a humidified atmosphere with 5% CO, at 37°C.
Stages I-IV tumor samples were similarly processed and passaged
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to form patient-derived cultures (PDCs) (<13 passages) and
eventually to form PDC extended explants (PDCEEs) (>13
passages). PDCEEs were required of JL-DCIS-3, JL-Contra-3 and
JL-BRL-6 because of the large number of cells required for the
proteomics aspect of this study. Karyotypes are shown in
Supplementary Figures 1A-C.

MDA-MB-231, a commercially available, stage IV, triple
negative BC cell line, and MCF-7, a luminal type BC cell line,
were both purchased from American Type Culture Collection
(ATCCQC). Cells were cultured in DMEM supplemented with 10%
heat-inactivated FBS and 1% penicillin-streptomycin.

Total RNA derived from PDCEE of stage I (JL-BTL-8, -4, -33)
(20), Stage II (JL-BTL-9, -10, -29, -46) (21), Stage IIT (JL-BTL-12)
(22), and Stage IV (JL-BTL-21 and -60) were used for RNA
expression comparisons.

Nuclear matrix isolation

Forty 25-cm” flasks of each cell line were required for nuclear
NM isolation and subsequent proteomics assessment. The NM was
isolated according to the method of Fey and Penman (23). Cells
were incubated in 0.5% Triton X-100 in a buffered solution with 2
mM vanadyl ribonucleoside, an RNase inhibitor, for 10 min on ice
to release lipids and soluble proteins. The remaining sample was
pelleted at 350 x g at 4°C for 10 min and incubated in ammonium
sulfate (0.25 M) with 2 mM vanadyl ribonucleoside for 10 min on
ice. This step was performed as a salt extraction to release soluble
cytoskeletal elements. The remaining sample was then pelleted at
350 x g at 4°C for 10 min. DNase I treatment was performed to
remove soluble chromatin for 30 min at room temperature and the
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sample was pelleted at 600 x g at 4°C for 10 min. RNase A was
added to remove RNA with a 10 min incubation at room
temperature and then the sample was pelleted at 600 x g at 4°C
for 10 min. Intermediate filaments and NMPs were then
disassembled with 8 M urea and the insoluble carbohydrates and
extracellular matrix components were pelleted with
ultracentrifugation at 30,000 x g for 1 h at 15°C. Dialysis was
performed overnight in an assembly buffer containing KCl and
imidazole-HCI to remove the urea and reassemble the intermediate
filaments. Ultracentrifugation at 24,000 x g for 90 min at 20°C was
performed to pellet the intermediate filaments. The NMPs were
precipitated with ethanol then quantified using the Coomassie
(Bradford) Protein Assay (Thermo Scientific, Waltham, MA). All
solutions contained 1 mM phenylmethylsulfonyl fluoride to inhibit
serine proteases. This protocol is illustrated in Figure 1.

iTRAQ labeling

Protein analysis was performed by the method described by Ross
et al. (24). Briefly, 50 g of precipitated NMPs from different samples
were each resuspended in 20 uL of 0.5 M triethylammonium
bicarbonate with 1 uL of 0.1% SDS. Tris(2-carboxyethyl)
phosphine (TCEP, 5 mM, 2 pL) was then added to each sample
and incubated at 60°C for 1 h. Thiols were then alkylated with 1 pL of
10 mM methyl methanethiosulfonate (MMTS) at room temperature
for 10 min. Trypsin (10 pg) was then added to each sample and
digestion was carried out at 37°C overnight. iTRAQ (isobaric tags for
relative and absolute quantitation; AB Sciex, Framingham, MA)
reagents were then added and incubated at room temperature for 2
h. After labeling, the samples were then pooled.

Nuclear Matrix Isolation
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Schematic of the nuclear matrix protein isolation procedure and Western blots indicating purity of the fractions
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OFFGEL fractionation

The pooled iTRAQ sample was desalted using a C;3 SepPak and
then speed vacuumed to dryness. OFFGEL fractionation was
performed. The 3100 OFFGEL Fractionator and the OFFGEL Kit
pH 3-10 (Agilent Technologies, Santa Clara, CA) was used
following a 24-well set up. An Immobiline DryStrip, pH 3-10, 24
cm (GE Healthcare Bio-Sciences, Piscataway, NJ) was used. Fifteen
minutes before sample loading, the gel strip was rehydrated in the
assembled device with 40 uL OFFGEL Rehydration solution per
well. The iTRAQ peptides were resuspended in the Peptide
OFFGEL solution to a final volume of 3.6 mL. The diluted sample
(150 uL) was distributed into the 24 wells. The default OFFGEL
peptide 24-cm strip program on the instrument was used with a
maximum current of 50 LA until 50 kVh was reached. The fractions
were then recovered from each well. Methanol (150 uL, 50%
aqueous containing 0.1% trifluoroacetic acid [TFA]) was then
added back to each well and they were left on the benchtop for
20 min. The solution was then recovered and added back to the
appropriate fraction and the entire sample was speed vacuumed to
dryness and resuspended in 0.1% aqueous TFA for nanoLC
(Dionex, Sunnyvale, CA) separation.

Nano-LC-MALDI-TOF/TOF-MS/MS

The OFFGEL-fractionated samples were further fractionated on
an RP-LC Ultimate system (Dionex, Sunnyvale, CA). They were first
loaded onto a trap column (300 pm i.d. x 5 mm, PepMap C18 100, 5
um, 100 AA) and washed for 10 min with 2% acetonitrile (ACN),
0.1% TFA at a flow of 30 uL/min. They were then loaded onto an
analytical column (75um i.d. x 150 mm, Pep Map C18 100 material 3
um, 100 AA) and fractionated using a gradient of 5-30% B in 110
minutes, 30-60% B in 60 minutes, and 60-100% B in 10 minutes with
a flow rate of 250 nL/min. Solution A was 5% ACN, 0.1% TFA, and
solution B was 85% ACN, 5% isopropanol (IPA), and 0.1% TFA. Five
minutes after the sample injection, the Probot' " Micro Fraction
Collector (Dionex, Sunnyvale, CA) was signaled to start spotting. The
Probot was used to collect 15-second spots on the ABI 4800 LC-
MALDI metal target (AB Sciex, Framingham, MA) in a 16 x 48 array.
A total of 768 spots were collected for each OFFGEL fraction, and two
LC runs were done on each target. This resulted in a total of 12 plates.
The pTee (Dionex, Sunnyvale, CA) mixer was used to co-spot the
matrix o-cyano-4-hydroxycinnamic acid (CHCA; 7 mg) in 1 mL of
50% ACN, 0.1% TFA, with mM ammonium citrate and 10 fmol
angiotensin II), delivered at a flow rate of 1.577 pL/min. For MALDI-
TOF/TOF-MS/MS analysis (4800 Proteomics Analyzer; AB Sciex,
Framingham, MA), MS spectra were acquired from 900 to 4000 Da
with a focus mass of 2000 Da. MS processing was performed using
the angiotensin II internal standard with a 250-ppm max outlier
error. Up to 10 peaks were selected for peptide sequencing by MS/
MS. Peptide CID (air) was performed at 2 kV.
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Protein identification, quantification, and
statistical analysis

The Paragon algorithm in ProteinPilot " Software 2.0 (AB
Sciex, Framingham, MA) was used for protein identification.
Proteins were identified by searching against the IPI database v
3.46. Searched results were processed with the Pro Group algorithm
(AB Sciex, Framingham, MA). Search parameters included iTRAQ
labeling of the N-terminus and lysine residues, cysteine
modification by MMTS, and digestion by trypsin. Isoform-specific
identification and quantification was done by excluding all shared
peptides and including only unique peptides. The p-value calculated
by the software was used to determine the significance of observed
differences in protein expression. This p-value tests the null
hypothesis that the actual protein ratio is 1:1 and that the
observed protein ratio is different than that only by chance. Only
proteins identified with >95% confidence or ProtScore > 1.3 were
selected for analysis.

RNA extraction and quantification

Two 25-cm® flasks of each patient-derived culture or cell line
were harvested for RNA extraction. Total RNA was extracted with
Qiazol reagent using the miRNeasy kit (Qiagen, Germantown, MD)
following the manufacturer’s protocol. The quality of total RNA was
evaluated using an RNA ScreenTape system using a 4200
TapeStation instrument (Agilent, Santa Clara, CA; C2991AA).
RNA-sequencing libraries were prepared using Tllumina® TruSeq
stranded Total RNA Library Prep Gold (Illumina, Foster City, CA)
and were sequenced using Tlumina® NextSeq 500 High Output v2
Kit to obtain 150-bp paired-end reads. The sequencing depth for
each sample was approximately 45 million reads.

The RNA sequencing raw data were analyzed using
Partek®Flow® Software, version 10.0 (25). The reads were aligned
into a Homo sapiens reference genome (hg38) using the annotation
model Ensembl transcripts release 105 (European Bioinformatic
Institute, Hinxton, U.K.). Transcript abundance was expressed in
fragments per kb of transcript per million mapped reads (FPKM).
Differential gene expression analyses were done with Microsoft
Excel (version 16.63) and GraphPad Prism (version 9.3.1).

RNAsequencing analyses

RNA sequencing results were based on three independent RNA
samples and were expressed as the mean + standard error for each
group. Two-tailed Student’s t-tests were performed using Microsoft
Excel (version 16.63) and GraphPad Prism software (version 9.3.1).
A p-value of <0.05 was considered to indicate a statistically
significant difference.
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Results

Identification and establishment of a
matched pair of cultures from DCIS and
normal contralateral breast tissue

The study design was based on a comparison of DCIS (JL-DCIS-3),
a patient-derived culture extended explant (PDCEE), and an
isogenically matched non-diseased contralateral culture (JL-Contra-3).
These explants represent rare in vitro model systems established by
directly culturing human DCIS and contralateral tissue in a system
developed using a thin coat of Matrigel and stem cell-based medium
(16, 17, 20). Karyotyping of JL-DCIS-3 showed it was 46XX but
contained a derivative chromosome 14, whereas JL-Contra-3 had a
normal 46XX karyotype (Supplementary Figures 1A, B).

Gene expression in a breast reduction mammoplasty PDCEE
established using the same culture conditions (JL-BRL-6) was
compared with JL-Contra-3 to establish a non-diseased gene

10.3389/fonc.2024.1406946

expression pattern. JL-BRL-6 also had a normal karyotype
(Supplementary Figure 1C). The widely used commercial tumor cell
lines MCF-7 and MDA-MB231 were included for comparison as
commonly used standards to represent invasive BC for proteomic
assessment of NMPs.

Proteomic analysis of NMPs

Proteomic analysis was performed on a total of five samples
(MCF-7, MDA-MB-231, JL-BRL-6, JL-Contra-3 and JL-DCIS-3).
Using the iTRAQ method, a total of 270 proteins were identified
from the NM of these samples out of approximately 1300 proteins
previously identified as being associated with the nucleus (26)
(Supplementary Table 2). Of these 270 NMP proteins, we
identified 60 whose levels significantly differed between JL-
DCIS-3 and JL-Contra-3 (Tables 1, 2). Thirty-nine of these
proteins were downregulated in JL-DCIS-3 relative to JL-

TABLE 1 Significantly downregulated nuclear matrix proteins in JL-DCIS-3 relative to non-diseased JL-Contra-3.

Fold change
JL-DCIS-3
relative to JL-
Contra-3
proteomics

P value
Proteomics

Protein

symbol

1. KRT8 1.454(]) 0.038

2. HNRNPM 1.541 (4) 0.034

1.693 (1) 0.00007

Keratin, type I cytoskeletal 8; dimerizes with
keratin 18 to form an intermediate filament 1 ™
in simple single-layered epithelial cells

Isoform 1 of Heterogeneous nuclear
ribonucleoprotein M; RNA binding,
complexes with hnRNA. Associated with
pre-mRNAs, influence pre-mRNA | 1
processing and aspects of mRNA
metabolism and transport. Shuttles
between the nucleus and the cytoplasm.

Vimentin; organizer other critical
proteins involved in attachment, * *
migration, and signaling

Protein
expression
MCEF-7 relative
to JL-
Contra-3

Protein
expression
MDA-MB231
relative to JL-
Contra-3

Function

4. RPS7 1.811 (1) 0.007

1.902 (1) 0.037

40S ribosomal protein S7; involved in
protein synthesis

RNA binding motif protein X-linked;
Involved in RNA processing, splicing, | l
cellular stress responses

6. SPTAN1 1.992 (1) 0.0001

7. RPS21 2.121 (1) 0.041

Isoform 3 of Spectrin alpha chain;
filamentous cytoskeletal protein
implicated in cell polarity, DNA repair
(enables repair of cisplatin crosslinks) * *
and cell cycle regulation, possible tumor
suppressor, enhanced in some cancers
decreased in others

408 ribosomal protein S21; a component
of the ribosome and is involved in 1* *
protein synthesis

8. HNRNPA3 2135 (1) 0.001

Isoform 1 of Heterogeneous nuclear
ribonucleoprotein A3; Enables RNA
binding activity. Involved in mRNA
splicing, via spliceosome.
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TABLE 1 Continued

Fold change Protein Protein
Protein JL-DCIS-3 P value expression expression
relative to JL- Function MDA-MB231  MCEF-7 relative

symbol Contra-3 FUE IR relative to JL- to JL-

proteomics Contra-3 Contra-3

similar to Heterogeneous nuclear
ribonucleoprotein K; involved in RNA

9. HNRNPK 2.204 (1) 0.034 : - P I
processing, splicing, and
transcriptional regulation.
HSP90B1 E lasmin; involved i tei

10. HSPOOE1 2296 (1) 0.005 SPII ndoplasmin; involved in protein ' 1

folding, maturation, and stabilization.

Component of the clathrin-coated
11. CLTB 2.308 ()) 0.005 vesicles and is involved in endocytosis * *
and intracellular trafficking.

Non-POU domain-containing octamer-

12. NONO 2313 (1) 0.002 o . 1 1
binding protein
Isoform Long of Splicing factor; involved

13, SFPQ 2341 (1) 0.0002 in DNA repair, telomere maintenance, 1 1
neuronal development, promote proper
splicing of pre-mRNA

14. RP11 2.439 (1) 0.035 Isoform 1 of 60S ribosomal protein L11 1 |

Isoform 1 of Tropomyosin alpha-4 chain;
15. TPM4 2.457 ()) 0.031 component of the cytoskeleton, * *
maintains cell shape and integrity

Protein BUD31 homolog; involved in

16. BUD31 2.524 .004

6 ub3 5241 0.00 RNA processing and splicing t t
Isoform 3 of Heterogeneous nuclear
ibonucl tein A/B; involved in RNA

. HNRNPAB 2599 (1) 0,002 ribonucleoprotein A/B; involved in t 1

metabolism, including pre-mRNA splicing,
mRNA transport, and translation

chromobox protein homolog 3; involved
18. CBX3 2.709 (J) 0.047 in chromatin remodeling and gene | 1*
expression regulation

Nuclear migration protein C; involved in

19. NUDC 2.843 (1) 0.020 L L 'S 1
mitosis and cell division.
El ion f: 1- 2; involved i

20. EEF1B2 3.035 (1) 0.002 ong'atlon actf)r beta 1n'vo ved in I I
protein synthesis and elongation
Alpha-taxilin; involved in intracellul:

2l TXLNA 3385 (1) 0.031 pha in; mv'ove in intracellular | !
transport and vesicles

. NCL 3651 (1) 3.51E-10 Nucleolin; ribosome biogenesis and e !

RNA processing

heterogeneous nuclear ribonucleoprotein
23. HNRNPH1 3.731 ()) 0.041 H1, which is involved in RNA splicing 1 1
and processing

Isoform HMG-I of High mobility group
24, HMGA1 4.032 (4) 0.006 protein; involved in chromatin structure 1 *
and transcriptional regulation

DNAJ homolog subfamily B member 1; a
chaperone protein subclass of HSP 40
25. DNAJB1 4.057 (1) 0.005 family, that helps to fold and stabilize * |
other proteins, stabilizes MDM2, can serve
as a metastasis promoter or suppressor

Isoform Beta of LIM domain and actin-
26. LIMA1 4.161 ()) 0.023 binding protein 1; cytoskeletal | |
organization and cell motility

(Continued)
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TABLE 1 Continued

Fold change Protein Protein
JL-DCIS-3 P value expression expression
relative to JL- Proteomics Function MDA-MB231  MCEF-7 relative
Contra-3 relative to JL- to JL-
proteomics Contra-3 Contra-3

Protein

symbol

Isoform 1 of Polyadenylate-binding
27. PABPN1 4202 ()) 0.041 protein nuclear 2; involved in mRNA 1 1
processing and transport

High mobility group protein B1; involved
28. HMGBI1 4.514 (}) 0.039 in chromatin structure and 1 1
transcriptional regulation.

Ezrin; cytoskeletal protein that plays a role

29. EZR 4.596 0.0005 * *
W in cell adhesion, migration, and signaling. { {
THO complex 4; involved in RNA
10, THOCA 4781 (1) 0.043 metabolism, particularly in the export of e I

mRNA from the nucleus to the
cytoplasm. Implicated in cancer.

Isoform 1 of Nucleophosmin; Involved in
31. NPM1 4.983 ()) 8.05E-08 ribosome assembly, DNA repair, and 1 1
regulation of gene expression.

tathmin; lic phosph tein that
0. STMN1 5.065 (1) 0.024 Stathmin; cytosolic phosphoprotein tha 1 1

promotes disassembly of microtubules.

zinc finger protein 185; functions as a

tumor suppressor by inhibiting cell

33. ZNF185 5074 (1) 0.033 1 1

proliferation, migration, and invasion.
Lost in cancers.

Neuroblast differentiation-associated
protein; large scaffold protein involved in
a4 AHNAK 5358 (1) 135E-13 c‘ell adhesion, cyfoskeletal organization,
signal transduction, tumor suppressor,
negatively regulates TNBC proliferation,

downreg prognostically neg in cancer

Histone H1.4; linker histone that binds
to nucleosomes and promotes higher-

. HIST1HIE 571 .02

» s 55711 0023 order chromatin folding, essential for the

regulation of gene expression

Isoform A1-B of Heterogeneous nuclear

ribonucleoprotein Al; regulation of

36. HNRNPA1 6.420 0.008 *
W mRNA processing, transport, ! d

and translation

Calpastatin; inhibitor of calpains, a
family of calcium-

- CAST 6740 (1) 0.012 ~alml y o 'ca.lc1um dé;?ende'nt proteases
involved in cell motility, signal

transduction, and apoptosis

33, HNRPDL 8417 (1) 0015 I.soform 1 of He}erogeﬁeous nuclear
ribonucleoprotein D-like;

Hsp90 co-chaperone; forms complex
with Hsp90 and a variety of protein
39. CDC37 9.364 (1) 0.043 kinases including EGFR, MET, CDK4, i 1 *
CDKS6, SRC, RAF-1, MOK, as well as
eIF2 alpha kinases; oncogene

| downregulated, 1 upregulated, * significant at P < 0.05.

Contra-3 (Table 1) and 21 were upregulated in JL-DCIS-3 relative ~ regulation of RNA splicing, apoptotic execution phase, and
to JL-Contra-3 (Table 2). regulation of intrinsic apoptotic signaling, all of which have been

Using Metascape (metascape.org), we determined pathways  associated with cancer (Figure 2). In contrast, the upregulated
represented by the downregulated proteins (JL-DCIS-3 relative to  proteins in JL-DCIS-3 vs. JL-Contra-3 represented pathways that
JL- Contra-3), including microRNAs associated with cancer, included locomotion (regulation of blood vessel endothelial cell
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TABLE 2 Significantly upregulated nuclear matrix proteins in JL-DCIS-3 relative to non-diseased JL-Contra-3.

Fold change Protein Protein
JL-DCIS-3 P value expression expression
relative to JL- Proteomics Function MDA-MB231  MCEF-7 relative
Contra-3 relative to JL- to JL-
proteomics Contra-3 Contra-3

Protein

symbol

SFRS3 (serine and arginine-rich splicing
factor 3); involved in the regulation of
alternative splicing of pre-

mRNA molecules

1. SFRS3 1.334 (1) 0.001

Bcl-2-associated gene 3; BAG family of
2. BAG3 1.401 (1) 0.015 co-chaperones that interact with HSP70 1 )
(heat shock protein 70)

DEAD-box helicase 5; pre-mRNA

3. DDX5 1.479 (1) 0.026 splicing, mRNA export, translation, 1 ™
and decay
1l nucl i 1 in D3;
4 SNRPD3 1616 (1) 0.007 Small nuclear rlbonuc. eoprotein D3 ' 1
component of the spliceosome
Plectin 1; cell structure and organization,
5. PLECI 1.946 (1) 0.000001 as well as in signaling pathways and 1 !

cellular functions such as cell motility,
adhesion, and survival

ATP synthase subunit alpha; responsible
to produce ATP (adenosine triphosphate)
6. ATP5A1 2.028 (1) 0.039 in the mitochondria of cells, been 1 1*
suggested to play a role in cancer cell
metabolism and survival

Heat Shock Protein Family B Member 1,
aka HSP27; induced in response to

7. HSPB1 2.060 (1) 0.023 various cellular stresses, including heat 1 1
shock, oxidative stress, and exposure to
toxins or radiation

Serine Protease I (trypsin); promotes

8. PRSS1 2.152 (1) 0.048 RS 1 1
cancer cell proliferation, invasion, etc.
Desmoplakin; obligate component of

9. DSP 2.159 (1) 0.003 functional desmosomes, inactivated 1 1

in cancer

Annexin Al is a member of the annexin
family of calcium-dependent

10. ANXA1 2.290 (1) 0.014 phospholipid-binding proteins, role in 1 1*
inflammation, cell differentiation,
and apoptosis

Platelet-derived growth factor (PDGF);
multifunctional protein that plays a role
in several cellular processes, including
DNA replication, repair, and apoptosis,
increased in cancer, might be specific
to DCIS

11. PDAPI1 2.402 (1) 0.037

Keratin 1; structural protein
12. KRT1 2.960 (1) 0.011 major component of the cytoskeleton in 1 |
epithelial cells.

SFRS7 (Splicing factor, arginine/serine-
rich 7); involved in pre-mRNA splicing,
regulation of alternative splicing,
involved in the splicing of several genes
related to cancer: CD44, BRCA1, and
BCL-X. Dysregulation of SFRS7
expression and splicing activity has been

13. SFRS7 2.964 (1) 0.012

linked to various cancers

(Continued)
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TABLE 2 Continued

Protein
expression
MCEF-7 relative
to JL-
Contra-3

Protein
expression
MDA-MB231
relative to JL-
Contra-3

Fold change
JL-DCIS-3
relative to JL-
Contra-3
proteomics

P value
Proteomics

SO Function

symbol

ribosomal protein that is a component of
the 60S subunit of the ribosome,

0.021 _ : . 1 l
implicated in cancer, interacts

with MDM2

14. RPLI1 3.669 (1)

ribosomal protein: plays a regulatory role

15. RPL7A 3.951 (1) 0.049 in the translation apparatus, implicated 1 |

in cancer

ribosomal protein: In addition to its role
in protein synthesis, RPL31 has also been
implicated in cancer development and

16. RPL31
progression. Studies have shown that

4.000 (1) 0.018

RPL31 expression is elevated in prostate,
gastric and colorectal cancers

Tropomyosin 1; mechanical integrity of
the cell, regulating cell shape, adhesion,

17. TPM1 4.333 (1) 0.012

and migration, may promote tumor 1 |
invasion by downregulating Ecadherin
and upregulating MMPs

18. MECP2 4.663 (1) 0.002

Methyl-CpG-binding protein 2; binds to
methylated DNA and plays a role in
silencing genes that are not needed by a
particular cell type

I 1

19. RPL8 5.462 (1) 0.002

Ribosomal Protein L8; protein
component of the ribosome, role in the
binding and positioning of tRNAs
during translation

20. ALB 6.944 (1) 0.003

21. CKAP4 7.550 (1) 0.0002

| downregulated, 1 upregulated, * significant at P < 0.05.

migration), metabolism of RNA, peptide cross linking, and other
pathways (Figure 2). Spliceosomes were significant in both
upregulated and downregulated protein groups.

Multi-omic analysis of JL-DCIS-3 vs. JL-
Contra-3

While proteins represent the functionality of the genome, it is
becoming more common to characterize tumors transcriptomically
(27). We therefore translated our proteomic results into markers
that could be derived from a standardized transcriptomic analysis.
Using RNA-seq, we specifically analyzed the mRNA expression of
the 60 differentially expressed proteins in JL-DCIS-3, JL-Contra-3,
and a non-diseased breast reduction mammoplasty cell line (JL-
BRL-6) and included RNAs extracted from additional PDCEEs that
were established by the same culture system (16, 17, 20) from stages

Frontiers in Oncology

Albumin; transports hormones, fatty
acids, etc.

Cytoskeleton-Associated Protein 4;
crucial role in the organization and
maintenance of the cellular ER, 1 1*
implicated in cell proliferation and
migration, vesicle transport

I, IL, IIL, and IV breast tumors. Also included were RNAs from the
commercially available MCF-7 and MDA-MB231 breast cancer cell
lines because they are literature standards. This mRNA analysis
strategy was chosen so that a molecular test driven by protein
expression could be embedded in a transcriptomic analysis.

The genes of interest were selected using the following criteria. First,
RNA analyses should reveal a significant difference in expression between
DCIS and contralateral breast, consistent with the proteomic analysis.
Second, there should be no significant difference in the expression of the
genes of interest between JL-Contra-3 and the independent, unrelated
breast reduction mammoplasty PDCEE JL-BRL-6, a cell line that serves
as a well-studied standard in our laboratory (19).

We identified 10 NMPs that were significantly differentially
expressed in JL-DCIS-3 relative to JL-Contra-3 in terms of both
protein and RNA expression levels (Figures 3, 4). In addition, these
NMP genes had similar mRNA expression in JL-Contra-3 and JL-
BRL-6. Since JL-Contra-3 and JL-BRL-6 both have a normal female
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R-HSA-8953854: Metabolism of RNA

G0:0018149: peptide cross-linking

CORUM:351: Spliceosome

G0:0043535: regulation of blood vessel endothelial cell migration
G0:0061061: muscle structure development

G0:0001895: retina homeostasis

GO0:0071496: cellular response to external stimulus

WP411: mRNA processing

G0:0043484: regulation of RNA splicing

CORUM:3055: Nop56p-associated pre-rRNA complex
R-HSA-75153: Apoptotic execution phase

G0:0097435: supramolecular fiber organization

G0:0051129: negative regulation of cellular component organization
GO0:0006405: RNA export from nucleus

R-HSA-9706574: RHOBTB GTPase Cycle

G0:2001242: regulation of intrinsic apoptotic signaling pathway
GO0:0006338: chromatin remodeling

GO0:0006457: protein folding

hsa05206: MicroRNAs in cancer

CORUM:351: Spliceosome

G0:0051336: regulation of hydrolase activity

(A) Enrichment heat map generated by Metascape showing pathways represented by upregulated proteins in JL-DCIS-3 relative to JL-Contra-3. (B)
Enrichment heat map generated by Metascape showing pathways represented by downregulated proteins in JL-DCIS-3 relative to JL-Contra-3.

karyotype and were generated using the same methodology, this
was an independent validation of the non-diseased nature of the
contralateral breast from the DCIS patient from which these cell
lines were derived. This does not imply that all women with DCIS
have non-diseased contralateral breast tissue.

Of the 10 differentially expressed genes in the DCIS and
contralateral isogenic pair, four of ten genes were downregulated
in the DCIS sample relative to the non-diseased contralateral
sample (Figure 3). These four genes, Ahnak (p < 0.01)
(neuroblast differentiation-associated protein AHNAK; aka
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desmoyokin), Cdc37 (p = 0.03) (leukocyte antigen CD37), Sptanl
(p < 0.01) (spectrin alpha, non-erythrocytic 1), and Dnajbl (p <
0.01) (DnaJ heat shock protein family [Hsp40] member B1), were
also significantly downregulated in invasive BC. This suggests that
JL-DCIS-3 manifests some of the abnormal characteristics of
invasive BC stages. All four of these genes have previously been
implicated in cancer (28-31).

JL-DCIS-3 gene expression was significantly upregulated in 6 of
10 NMP genes relative to non-diseased JL-Contra-3: Rpl31(ribosomal
protein L31; p = 0.001), Rpl11 (ribosomal protein L11; p < 0.001),

SPTAN1 DNAJB1

B JLBRL-6 M JLContra-3 B JLDCIS-3 M Stage|(N=4) EEN Stage |l (N=4) BEN Late Stage (N=5)

FIGURE 3

RNA expression of nuclear matrix protein genes identified as significantly downregulated in proteomics analysis for JL DCIS-3 (red bar) and BC
stages (blue, pink, and green bars) relative to non-diseased breast reduction (JL-BRL-6) patient-derived cells (gray bar) and to JL-Contra-3 (black
bar). These genes manifest no significant difference between JL-BRL-6 (gray bar) and JL-contralateral-3 (black bar; p>0.05). Asterisk (*) denotes that
significant different relative to JL-BRL-6 (P<0.05). Pound (#) denotes that significant different relative to JL-contra-3 (P<0.05).
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FIGURE 4
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RNA expression of nuclear matrix protein genes identified as significantly upregulated in the proteomics analysis for JL DCIS-3 (red bar) and BC
stages (blue, pink, and green bars) relative to patient-derived non-diseased breast reduction cells (gray bar) and JL-Contra-3 (black bar). These
genes manifest no significant difference between JL-Contra-3 (black bar) and JL-BRL-6 (gray bar; p>0.05). Asterisk (*) denotes significantly different
relative to JL-BRL-6 (P<0.05). Pound denotes significantly different relative to JL-Contra-3 (P<0.05).

Rpl7A (ribosomal protein 7A; p < 0.01), Pdapl (PDGFA associated
protein 1; p = 0.01), Tmp1 (tropomyosin 1; p < 0.001), and Rpl8
(ribosomal protein L8; p < 0.001; Figure 3). Ribosome biogenesis
occurs in the nucleolus and involves the action of 80 ribosomal
proteins (RPs), four ribosomal RNAs (rRNAs), other associated
proteins, and small nucleolar RNAs (snoRNAs) (32). Several
ribosomal proteins are overexpressed in human cancers including
prostate, lung, breast, pancreatic, liver and colon (33, 34). Gene
expression of Pdap1, a multifunctional protein, is increased in cancer
and plays a role in DNA replication, repair, and invasion (35, 36).

NMP markers associated with
BC progression

The 10 genes that were significantly differentially expressed in
JL-DCIS-3 relative to JL-Contra-3 in both protein and steady state
RNA were also associated with changes in the progression of BC
(Figures 3, 4). These are good candidates for inclusion in a
molecular test panel for identifying aggressive DCIS.

The protein levels of AHNAK, CDC37, and SPTANI1 were
significantly downregulated in JL-DCIS-3 vs JL-Contra-3 but were
also significantly downregulated in the established late-stage BC
cell lines MDA-MB231 and MCE-7 relative to JL-Contra-3
(AHNAK [p <0.00001 for both], CDC37 [p = 0.009, 0.006
respectively], SPTAN1 [p <0.00001 for both]). Dnajbl gene
expression was significantly downregulated in early-stage BC
compared with non-diseased breast cells (p < 0.01) and was not
significantly upregulated in the late-stage BC compared to JL-
Contra-3 and JL-BRL-6 (p = 0.4). Conversely, the protein level was
downregulated in MDA-MB231 and MCF-7 cells (p = 0.02 and
0.14 respectively). Ahnak and Cdc37 were significantly
downregulated in JL-DCIS-3 as well as in all invasive BC stages
relative to non-diseased contralateral JL-DCIS-3 and JL-BRL-6
(all p < 0.04) (Figure 3, Table 1). Linear regression analysis showed
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a strong association between disease progression and RNA
expression of Cdc37, Sptanl, Rpl7A, Rplll and Rpl31 (p <
0.05). These genes were upregulated as both protein and mRNA
in JL-DCIS-3 relative to JL-Contra-3.

Spectrins are a family of filamentous cytoskeletal structures that
function as scaffold proteins. They stabilize the plasma membrane
and arrange organelles. SPTANT1 is implicated in DNA repair and
cell cycle regulation (37, 38). Higher protein and mRNA levels of
Sptanl are associated with longer patient survival times in colon
cancers. However, Mlhl-deficient colorectal cancers exhibit
reduced levels of this cytoskeleton scaffold gene (30). Our DCIS
data agree with the latter study.

The expression of the Rpl31 gene increased in JL-DCIS-3
relative to JL-Contral-3 but also increased with stage progression
(Figure 3). However, the protein level of RPL31 in MDA-MB231
and MCF-7 cells was also upregulated relative to JL-Contra-1, but
not significantly so (p = 0.14 and 0.24, respectively).

Rpl11 was significantly upregulated in JL-DCIS-3, stage II and
late-stage invasive BC relative to non-diseased JL-BRL-6 and JL-
Contra-3 (p <0.05). Rpl11 expression was also upregulated in stage I
BC relative to JL-BRL-6 (p = 0.04) and JL-Contra-1 (p= 0.06).
Similarly, Rpl7A gene expression was significantly upregulated in
JL-DCIS-1 and invasive breast cancer stages relative to non-
diseased JL-Contra-1 (p <0.02), and only stage I and stage IV
invasive breast cancer were significantly upregulated relative to
non-diseased JL-BRL-6 (p = 0.01 and 0.02 respectively; Figure 3).

Rpl8 was significantly upregulated in JL-DCIS-3 relative to its
isogenic matched contralateral in both protein and gene expression
levels (p < 0.01). A trend in upregulation was also observed in JL-
DCIS-3 relative to non-diseased JL-BRL-6, but was not significant
(p = 0.22; Figure 3). Furthermore, there was variation in Rpl8 gene
expression between invasive BC stages relative to non-diseased
cultures (Figure 3).

Pdapl and Tpml were significantly upregulated in JL-DCIS-3
relative to non-diseased breast reduction and JL Contra-1 (p <
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0.02). However, Pdapl and Tpmlgene expression was not
significantly different between invasive BC stages and non-
diseased cells (p > 0.05; Figure 3). This may indicate that JL-
DCIS-3 as an individual tumor-derived culture simply does not
adhere to patterns of expression for these genes as seen in invasive
cancers. These genes could also be DCIS-specific biomarkers.

Genes with divergent patterns of protein
and steady state RNA expression

We also identified 13 genes that were significantly differentially
expressed between JL-Contra-3 and JL-DCIS-3 in both RNA
sequencing and proteomic results, but the RNA expression
changes were not consistent with the protein levels found by
mass spectrometry (Figure 5). Hspbl (heat shock protein beta-1)

was significantly downregulated in RNA expression (p value
0.044) but the protein level was significantly elevated (p = 0.023).

Interestingly, the RNA expression of Hspbl decreased with
stage progression (Figure 5). Small heat shock proteins like HSPB1
are associated with multiple processes in cancer including invasion,
control of apoptosis and drug resistance (39). In contrast, the RNA
expression of Eeflb2 (eukaryotic translation elongation factor 1
beta 2; p < 0.0001), Hmgb1 (high mobility group box 1; p < 0.0001),
and Hnrnpal (heterogeneous nuclear ribonucleoprotein Al; p =
0.0003) were all significantly upregulated in JL-DCIS-3 relative to
JL-Contra-3, and the RNA expression was increased with tumor
stage progression. Even though the RNA levels of Hspbl, Eeflb2,
Hmgbl, Hnrnpal, Rps7 (ribosomal protein S7), Rps21 (ribosomal
protein S21), and Hnrnpk (heterogenous nuclear ribonucleoprotein
K) did not correlate with protein levels, JL-DCIS-3 was consistent
with the invasive breast cancer pattern (all stages) in the mRNA
expression of these genes (Figure 5). Overexpression of Eefl1b2 and

10.3389/fonc.2024.1406946

Hnrnpal has been previously linked with cancer progression and
poor prognosis in breast and lung cancer (40-42). Similarly, the
overexpression of cytoplasmic Hmgbl stimulates tumor cell
proliferation and metastasis (43). Conversely, nuclear Hmgb1 is
implicated in maintaining genomic integrity, and losing nuclear
Hmgb1 results in genomic instability and carcinogenesis (44). This
discrepancy in Hmgb1 function according to cellular location could
potentially account for differences between protein and RNA
expression, as our study focused on the proteomics of the cellular
nuclear matrix portion.

Discussion

DCIS offers a critical insight into early BC that may or may not
progress to clinical disease. The determination of indolent versus
aggressive DCIS is of paramount importance because, at present in
the U.S,, all DCIS cases are treated, and the treatments can cause
permanent complications, for example, damage to the underlying
lung from radiation.

Proteomic analyses of DCIS have been previously performed
(45, 46), but were limited by the number of proteins compared and
the methods of comparison. Proteomic-transcriptomic strategies
are powerful for determining biomarkers of cancer that may be
useful clinically at different levels. Historically, biomarker
identification at the level of proteins using immunohistochemistry
(IHC) has been an important standard for cancer diagnosis. More
recently, RNA biomarkers have become useful in the form of
prognostic tests such as Oncotype DX and MammaPrint for
breast cancer prognosis. With the advent of tumor sequencing,
mutational burden in general, as well as specific druggable
mutations, have been added to the assessment of cancer
prognosis and treatment tailoring.
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FIGURE 5

mMRNA expression from RNA sequencing data of NMPs that were among the 60 proteins whose levels were significantly different between JL-DCIS-
3 and JL-contra-3 patient-derived cells. The RNA expression for these genes showed the opposite trend compared with the proteomics analysis.

Asterisk (*) denotes significantly different relative to JL-BRL-6 (P<0.05)
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Pound denotes significantly different relative to JL-Contra-3 (P<0.05)
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The morphological appearance of the nucleus, the nucleoli, and
the nuclear-to-cytoplasmic ratio represent key features used to
identify tumor cells and are considered in the determination of
nuclear grade (11). In this study, we focused on the nucleus by
specifically analyzing alterations in the expression of NMPs. In this
way, we have not diluted our mass spectrometric proteomic
findings with the additional abundant proteins located in the
cytoplasm. We used our proteomic findings to prioritize the most
nucleus-centric RNA findings (using deep RNA sequencing).

We used as model systems a novel stage 0 PDCEE (JL-DCIS-3)
and compared it to an isogenic non-diseased contralateral PDCEE
(JL-Contra-3). This is the most direct comparison that can be made,
and, although it represents a single isogenic set of comparisons
within a single individual, it was contextually expanded to include
comparisons to multiple PDCEEs and cell lines from tumors of
stages I, II, IIT and IV. Our hypothesis was that changes within one
patient’s tissues will reveal early alterations linked to the onset of
disease for that patient that may be generalizable to other cases of
DCIS. Surprisingly, many of the RNA changes we saw in DCIS were
also consistent with disease progression. Looked at another way, it
was surprising that so much of what we know about disrupted
pathways in advanced cancer were identified very early in disease
progression (mRNA processing, spliceosomes, metabolic
differences). This was not always the case, with some NMP-
related genes showing opposite trends at the protein vs. RNA
levels (Figure 5). In addition, since RNA sequencing was
performed on whole cell PDCEEs (JL-DCIS-3 vs JL-Contra-
DCIS-3) and because it was not possible to isolate RNA after
NMP protocols, sometimes the matching RNA expression could
not be detected for comparison with mass spectrometric analyses.

This study is unique in that it was driven by NMP differences
using the growing compartment of a DCIS and matching isogenic
contralateral culture. This constitutes a more functional preparation
of related proteins. Most studies on DCIS biomarkers are focused
on fixed tissue or laser-captured whole DCIS cells. The impact of
biomarkers in the nuclear matrix structure within the nucleus
would therefore be diluted in these laser capture comparisons
because in the latter preparation the entire cell is being utilized,
including all of the cytoplasmic proteins in addition to those from
the nucleus.

The major lesson from this study may be that focusing on a
specific functional compartment of the cell allows for the
identification of biomarkers of DCIS that will not emerge from
harvesting the entire cell and looking for protein or mRNA
differences. What is also unusual in this work is the integration of
proteomics with RNA sequencing analyses to determine biomarkers
that follow the same patterns in both. This does not diminish the
importance of proteins that show trends that are opposite of the
mRNA due to differences in post transcriptional processing, but
these are the subject of another biomarker group. In fact, if
differences exist between protein and RNA in this study, it could
be an indication that this protein exists in significant quantities
outside the nuclear matrix. What we measured with mass
spectrometry was specific to the nuclear matrix.

Using mass spectrometry on nuclear matrix preparations, we
identified 60 proteins whose levels were significantly different
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between JL-DCIS-3 and JL-Contra-3. After identifying nuclear
matrix proteins whose expression were significantly different
between JL-DCIS-3 and JL-Contra-3, we profiled the gene
expression of those 60 differing NMPs in JL-DCIS-3, JL-Contra-3,
a non-diseased PDCEE (JL-BRL-6) and four stage I, four stage II,
and four late-stage breast cancer PDCEE or commercially available
cell lines. Ten of 60 NMP proteins were similarly expressed between
non-diseased breast (JL-BRL-6 and JL-Contra-3) but were
significantly different in JL-DCIS-3. We identified 10 NMPs that
were significantly differentially expressed in JL-DCIS-3 relative to
JL-Contra-3 cultures in terms of both protein and gene expression
levels (Figures 2, 3). Of the 10 genes, six genes were significantly
different in both JL-DCIS-3 and invasive breast cancer PDCEEs
compared with non-diseased PDCEEs. These six genes were Ahnak,
Cdc37, Dnajbl, Rpl7A, Rpll1, and Rpl31.

AHNAK protein was downregulated in JL-DCIS-3 relative to
JL-Contra-3 by 5.4-fold. Downregulation of AHNAK has
previously been observed in ovarian cancer (47), lung cancer (48),
brain tumor (49) and BC (28). In this study, we saw downregulation
of Ahnak mRNA expression for all BC stages as well as in both
mRNA and protein expressions of JL-DCIS-3, MDA-MB231, and
MCEF-7. Ahnak mRNA overexpression has been found to inhibit
triple negative BC cell growth and lung metastasis in in vivo
xenografts (50). Since we observed a reduction of Ahnak mRNA
and protein in both early and late-stage BC, Ahnak could be a
reliable prognostic indicator for DCIS patients to distinguish
between indolent and aggressive DCIS, presumably representing
aggressive disease.

The protein level of CDC37 was reduced more than 9-fold in JL-
DCIS-3 relative to JL-Contra-3. CDC37 plays an important role in
proliferation and transformation of tumor cells by maintaining
protein kinase activity. CDC37 has a critical role in progression of
oral (31) and prostate cancer (51). Several studies have shown the
importance of targeting CDC37 for cancer therapy (52). However,
in this study, we found the CDC37 protein and RNA levels were
lower in diseased JL-DCIS-3 relative to non-diseased JL-Contra-3
and JL-BRL-6. The reduction was also maintained in gene
expression of invasive BC, stage I through stage IV (Figure 2).
This may indicate that the role of CDC37 in BC is different, perhaps
acting as a tumor suppressor gene rather than an oncogene.

Dnajbl encodes a member of the DNAJ or HSP40 family of
proteins. These genes function as one of the two major classes of
molecular chaperones involved in protein folding and oligomeric
protein assembly, as well as in the proteosome pathway,
endoplasmic reticulum stress and viral infection. Previous studies
have shown that Dnajbl has a critical role in both tumor
suppression and progression based on the activity of TP53 in
different cancers (29, 53). Cui et al. (29) showed that DNAJB
interacted with PDC5 in a lung cancer cell line and inhibited the
apoptotic function of TP53. Conversely, Qi et al. (53) showed that
DNAJBI1 activates TP53 through stabilizing MDM2, a major
ubiquitin ligase that inhibits TP53. Inhibition of DNAJBI
increased the proliferation and tumor growth of MCE-7 cells (53).
The latter work was consistent with our findings.

The protein level of DNAJB1 was four-fold lower in diseased JL-
DCIS-3 relative to non-diseased JL Contra-1 in the nuclear matrix.
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The reduction was also shown by mRNA gene expression analysis
in JL-DCIS-3 and early-stage BC. In late-stage BC, the protein level
of DNAJB1 was reduced by 3.9-fold in MCF-7 (although not
significantly) and significantly reduced by 2.5-fold in MDA-
MB231. However, we did not see a reduction in Dnajbl RNA
expression in late-stage BC (Table 1, Figure 3).

Ribosome biogenesis occurs in the nucleolus. Multiple ribosome
biogenesis proteins were significantly differentially expressed in our
isogenic pair of PDCEEs. RPL11, RPL31 and RPL7A protein levels
were higher and mRNA expression levels were upregulated in
diseased JL-DCIS-3 relative to non-diseased JL-Contra-3
(Table 2). Similarly, the mRNA expression of Rpll1, Rpl31, and
Rpl7A were upregulated in invasive BC (Figure 3). Ribosomal
proteins (RPs) are essential in ribosome biogenesis, and they are
synthesized in the cytoplasm then imported into the nucleus to
assemble with rRNA. RPs also have extra-ribosomal functions in
cellular processes, including cell migration and invasion (54, 55),
differentiation (56, 57), and DNA repair (58, 59). Changes in RP
expression have previously been used as prognostic or predictive
indicators to distinguish between normal and cancer cells (33). For
example, high RPL19 expression is associated with poor survival in
prostate cancer (60). In contrast, a defect in ribosome biogenesis
increases cancer susceptibility (61, 62). RPs can act as tumor
suppressor or tumor promoting genes based on their effect on
mRNA translation of their binding partner, either oncogenes or
tumor suppressor genes (33). RPL7A has been found to be
overexpressed in prostate and colorectal cancer (63). In contrast,
downregulation of RPL7A is associated with poor prognosis of
overall survival of osteosarcoma patients with lung metastasis (64).
In our findings, RPL7A was significantly overexpressed in JL-DCIS-
3 relative to JL-Contra-3 in both protein and gene expression levels
as well as in all invasive BC stages.

RPL31 is involved in cell proliferation and has been found to be
overexpressed in colon cancer (59, 65). In our findings, RPL31
was significantly higher in both protein and gene expression levels
of JL-DCIS-3 relative to non-diseased cells (Table 2). The gene
expression of Rpl31 was significantly higher in all invasive BC
samples (Figure 3). The protein level was four-fold higher in JL-
DCIS-3 relative to non-diseased JL-Contra-3 (Table 1) and 1.5-fold
higher in stage IV, while the gene expression level of Rpl31 was
expressed highly in early and late-stage BC compared with non-
diseased cells. That may indicate that the high translation efficiency
of Rpl31 mRNA in pre-invasive BC (DCIS) was decreased in late-
stage BC. Therefore, RPL31 may be a stage-specific protein, and that
the protein level of RPL31 could be an indicator of progression to
stage 0 DCIS.

Upregulation of RPL11 has associated with activation of the p53
pathway and inhibition of cell proliferation through stabilization of
E2F1 (66, 67). Moreover, the anti-proliferative effect of RPLI1
negatively regulates c-Myc levels and activity (68). We found both
protein and gene expression levels of RPL11 were significantly
upregulated in JL-DCIS-3 relative to JL-Contra-3. Similarly, the
gene expression of late-stage BC was significantly upregulated
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compared to JL-BRL-6 (Figure 3). However, these results were
not significant in stages I and IL

The protein level of RPL11 was insignificantly lower in MCF-7
and only 1.5-fold higher in MDA-MB231 cells. The change in
protein level of RPL11 between DCIS and late-stage BC may
indicate the involvement of RPL11 in BC progression. It might
not be a good indicator for early stage BC but could be targeted in
late stage disease.

CKAP4 and HSPBI protein levels were significantly upregulated,
by seven- and two-fold, respectively, in diseased JL-DCIS-3 tissue
compared to non-diseased contralateral tissue (Table 2). However,
the gene expression of Ckap4 was significantly downregulated in JL-
DCIS-3 and late-stage BC, while Hspbl gene expression decreased
with stage progression (Figure 5). A recent study found that CKAP4
enhances cell invasiveness and migration (69). Ckap4 gene expression
was not significantly different between JL-DCIS-3 and late-stage BC,
while a five-fold difference in protein level between JL-DCIS-3 and
late-stage BC was observed. This difference in protein levels between
pre-invasive DCIS and late-stage BC might suggest that Ckap4 may
play an important role in the etiology of pre-invasive DCIS. Similarly,
HSPBI protein was significantly two-fold higher in JL-DCIS-3 as well
as in MCE-7 relative to non-diseased contralateral tissue. However,
no significant difference in HSBP1 protein level was observed in
MDA-MB231(Table 2). Conversely, the gene expression of Hspbl
was downregulated with stage progression (Figure 5). HSPB1 has
been suggested to be involved in cell proliferation (70) and inhibition
of apoptosis in BC (71).

Basing this study on a single isogenic comparison of DCIS vs.
non-diseased tissue, we run the risk that some of the results could be
specific to this particular DCIS. However, none of the 10 genes we
identified as of interest map to the only karyotypic abnormality
observed in the DCIS sample, a derivative chromosome 14, so we
have greater confidence that these markers are more generic and
therefore generalizable to aggressive DCIS.

In conclusion, we identified 60 NMPs whose protein levels are
significantly different between matching isogenic diseased DCIS
and non-diseased contralateral breast epithelial tissue. The
alterations in these NMPs could be involved in DCIS formation
and could be helpful in diagnosis of DCIS cases. By profiling the
gene expression of these NMPs, we identified 10 genes in diseased
JL-DCIS-3 that were significantly different compared to non-
diseased contralateral and breast reduction tissues. This suggests
that these 10 NMPs might be linked to progression of DCIS into
invasive BC and could be helpful in defining invasive versus
indolent DCIS as part of a prognostic analysis.
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