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ABSTRACT

Assessing the molecular profiles of bladder cancer (BC) from patients with locally advanced or metastatic disease
provides valuable insights, such as identification of invasive markers, to guide personalized treatment. Currently,
most molecular profiling of BC is based on highly invasive biopsy or transurethral tumor resection. Liquid biopsy
takes advantage of less-invasive procedures to longitudinally profile disease. Circulating tumor cells (CTCs)
isolated from blood are one of the key analytes of liquid biopsy. In this study, we developed a protein and mRNA
co-analysis workflow for BC CTCs utilizing the graphene oxide (GO) microfluidic chip. The GO chip was con-
jugated with antibodies against both EpCAM and EGFR to isolate CTCs from 1 mL of blood drawn from BC
patients. Following CTC capture, protein and mRNA were analyzed using immunofluorescent staining and ion-
torrent-based whole transcriptome sequencing, respectively. Elevated CTC counts were significantly associated
with patient disease status at the time of blood draw. We found a count greater than 2.5 CTCs per mL was
associated with shorter overall survival. The invasive markers EGFR, HER2, CD31, and ADAM15 were detected
in CTC subpopulations. Whole transcriptome sequencing showed distinct RNA expression profiles from patients
with or without tumor burden at the time of blood draw. In patients with advanced metastatic disease, we found
significant upregulation of metastasis-related and chemotherapy-resistant genes. This methodology demonstrates
the capability of GO chip-based assays to identify tumor-related RNA signatures, highlighting the prognostic
potential of CTCs in metastatic BC patients.

Introduction

First-line treatment for MIBC patients includes neoadjuvant chemo-
therapy and radical cystectomy or radiation. Yet, half of these patients

Every year, 600,000 people are diagnosed with bladder cancer (BC) will relapse following therapy, with many patients diagnosed with
worldwide, and >200,000 people die from this disease [1]. In the United metastasis [3]. The five-year survival for metastatic BC patients is only 6
States, over 82,000 patients were diagnosed with BC in 2023, with 25 % %. Standard of care treatments for these metastatic patients include
of these patients having muscle-invasive bladder cancer (MIBC) [2]. cisplatin-based chemotherapy, checkpoint inhibitor immunotherapy,

Abbreviations: BC, bladder cancer; CTCs, circulating tumor cells; FFPE, formalin fixed paraffin embedded; GO, graphene oxide; MIBC, muscle invasive bladder
cancer; WBC, white blood cells; DEGs, differentially expressed genes.
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Fig. 1. Workflow optimization using cell line controls. (A) Schematic of the GO chip workflow. (B) Capture efficiency of bladder cancer cells spiked into PBS or
healthy control blood samples. (C) Staining optimization of Cytokeratin 7/8 (CK 7/8) and CD45 using blood sample spiked with UC-9. (D) Examples of CD31, EGFR,
ADAM15, and HER2 staining with corresponding cell lines. (E) Principal component analysis (PCA) of the RNA expression profile of UC-5 and UC-9 spike-in model
samples in PBS and peripheral blood (PBMC), as well as expression profile from RNA extracted from culture. (F) Linear correlation of the expression between the UC-

5 and UC-8 samples and the culture samples.

antibody drug conjugate therapy, and targeted therapy, such as Erda-
fitinib. However, most develop resistance to therapy. Molecular het-
erogeneity may be a driving factor in differential responses and drug
resistance, thus contributing to patient mortality [4]. Molecular
profiling of MIBC within The Cancer Genome Atlas (TCGA) BC cohort
has revealed five widely accepted molecular subtypes (i.e., Luminal,

Luminal papillary, Luminal infiltrated, Basal squamous, and neuroen-
docrine) which have differing overall survival and may require different
treatment strategies [5]. Significant work has been done to identify
predictive biomarkers for response to treatment modalities. Therefore,
real-time molecular profiling of advanced BC can enable personalized
disease care and guide appropriate therapeutic design throughout
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Fig. 2. CTC enumeration by EGFR/EpCAM capture in a cohort of metastatic muscle-invasive bladder cancer patients. (A) Study overview. (B) CTCs per mL in blood
draws from healthy control, patients with no radiographic evidence of disease, or patients with present radiographic metastatic disease. (C) CTCs per mL from patient
blood draws before, during, and after chemotherapy and immunotherapy. (D) Kaplan-Meier curve of CTCs greater or <2.5 CTCs/mL. *CTCs per mL on the y-axis is

calculated by averaging the two immunofluorescent staining devices.

treatment progression.

Traditional tissue-based molecular profiling is limited by invasive
tissue retrieval, resulting in few samples and the inability to monitor
tumor evolution and response to therapy in real-time. In contrast, liquid
biopsies have the potential to retrieve molecular information about the
tumor through less invasive methods such as blood draws and urine
collection during treatment. Circulating tumor cells (CTCs) are an
important analyte of liquid biopsy. As the seeds of metastasis, these
tumor cells in the circulation represent a promising prognostic
biomarker in different cancer types [6-8]. CTCs in early-stage BC are
associated with a higher risk for tumor recurrence and progression to
muscle-invasive disease [9]. Further, the dynamic changes of CTCs in
metastatic patients during chemotherapy are predicative of three-year
progression-free survival (PFS) and overall survival (OS) [10].

Profiling of CTCs in BC has previously been limited by several fac-
tors. Most CTC studies in BC utilize the CellSearch™ platform, an FDA-
approved CTC isolation approach. This technology uses magnetic beads
conjugated to antibodies against epithelial cell adhesion molecule
(EpCAM) for CTC isolation. Immunoaffinity-based microfluidic devices
use similar principles, but by conjugating antibodies against additional
surface proteins, they provide a more versatile capturing capability of
viable CTCs from small volumes of whole blood [11,12]. Previously, we
developed a graphene oxide nanosheet-based microfluidic device (GO
device) [13,14], successfully isolating CTCs from breast [15], lung [6],
and prostate [16-18] cancer patients with high purity and sensitivity.
The GO device captures CTCs using a near-flat nanostructure patterned
on a silicon wafer substrate, making it an ideal platform for downstream
immunofluorescence and RNA profiling.

Immunofluorescent staining of CTC proteins can be used to infer
tumor characteristics. In BC, high concordance of HER2 status was found
between primary tumors, CTCs, and lymph node metastasis, suggesting

CTC-based testing could identify candidates for anti-HER2 therapy [19,
20]. In addition, PD-L1 positive CTCs are found to be associated with
worse overall survival [21]. Herein, we investigated the role of
ADAM15, CK7/8, CD31, EGFR, and HER2 expression in BC CTCs to
determine if BC CTCs expressed these biomarkers (Table S1). ADAM15,
a type I transmembrane glycoprotein, is involved in cell adhesion and
metastasis by modulating tumor-endothelial cell interaction [22,23].
CD31 (PECAM-1) is commonly used to identify vascular endothelial
cells. CD31 positive CTCs, or circulating tumor-endothelial cells
(CTECs), are generated through cell-fusion or trans-differentiation, and
have hybridized properties of vascularization and motility [24]. Exten-
sive research has shown that the ErbB family of receptor tyrosine kinases
are associated with cancer metastasis [16]. We previously reported that
EGFR over-expression is associated with prostate cancer bone metas-
tasis, and is highly expressed on prostate cancer CTCs in metastatic
disease [18]. In BC, the over-expression of EGFR and HER2 are posi-
tively correlated to the clinical stage, pathologic grade, and tumor
recurrence [25]. Circulating tumor cell-based EGFR and HER2 profiling
could thus, be utilized to screen patients for targeted therapies [26]. CK7
and CK8 (cytokeratins) are epithelial markers expressed in genitouri-
nary systems, specifically for bladder cancer analysis [19,27,28].
Targeted real-time PCR (RT-PCR) is used to evaluate specific gene
expression in RNA samples extracted from bladder CTC samples. Pre-
viously, KRAS, EpCAM, CD133, Survivin, PI3K, VEGF, mTOR, and AKT
genes were found to have significantly increased expression in CTC-
enriched samples [29]. In another study investigating colon cancer
and BC patients, the high expression of EGFR and Tenascin C (TNC) from
RNAs extracted from blood samples indicated worse clinical outcome
[30]. However, RT-PCR is often conducted with limited gene panels
while other technologies, such as next-generation RNA sequencing and
single cell sequencing provide broader transcriptomic landscapes. One
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Fig. 3. Expression of invasive markers on bladder cancer patient CTCs. (A) Immunofluorescent images of CTCs highlighting ADAM15 from three patients with
metastatic relapse. (B) Immunofluorescent images of CTCs with invasive marker expressions from a single MIBC patient. (C) Kaplan-Meier curves of patients with or

without single invasive marker present.

of the difficulties for implementing these high-throughput molecular
profiling technologies for CTCs is their apoptotic nature and low RNA
quality and quantity. In FFPE tissue samples with similar low RNA
quality and quantity, amplicon-based targeted RNA sequencing tech-
nology has been used to profile with consistent success [17].

In this proof-of-concept study, we established a two-fold analysis of
BC CTCs; first, EGFR and EpCAM immunoaffinity CTC capture and
immunofluorescent staining, and secondly, whole transcriptome
sequencing. To begin, we utilized BC cell lines to optimize capture ef-
ficiency and molecular characterization. Subsequently, blood samples
from patients were processed in triplicate using the GO platform
(Fig. 1A). We developed a two-fold workflow whereby two of these
devices were utilized for antibody staining, and the third device was
used to isolate RNA for whole transcriptome sequencing. Using this
workflow, we were able to identify biomarkers with prognostic potential
on CTCs, as well as unveil the gene expression signatures of these
patients.

Results
CTC isolation and optimization of the GO microfluidic chip

First, to test the capture efficiencies of the modified GO chip coupled
with anti-EGFR and anti-EpCAM, we spiked human bladder cancer cell
lines (UM-UC9, UM-UC5, or UM-UC18) into PBS or healthy control
blood. In Fig. 1B, the capture efficiencies of UM-UC-5 and UM-UC-9
were over 88 % from both PBS and blood. As expected, capture
required the expression of either EGFR or EpCAM. Only 12.8 % of UM-
UC-18 cells were captured on this platform, as this cell line expresses low
EGFR and low EpCAM (Western data not shown). To further differen-
tiate CTCs from non-specifically bound WBCs, CTCs were stained for
cytokeratin 7/8 (CK7/8, epithelial marker) and CD45 (WBC marker)
[31]. Identified CK7/8 positive and CD45-negative CTCs were further
evaluated for expression of ADAM15, CD31, EGFR, and HER2. Examples
of positive control staining images of these markers are shown in Fig. 1C,
D.

Secondly, we validated that amplicon-based whole transcriptome
sequencing could accurately be accomplished and truly represent the
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RNA expression profile following GO chip isolation. To do this, we
compared expression profiles from UM-UC-5 and UM-UC-9 captured on
chip to the RNA seq profile of UM-UC-5 and UM-UC-9 from cultured
conditions. As shown in Fig. 1E, expression data from the same cell lines
clustered together in the principal component analysis (PCA). The
expression profiles of cell lines of the same origin between on-chip or
from culture, positively correlated (Fig. 1F, UM-UC-5: R? =0.6189; UM-
UC-9: R? = 0.7252). Therefore, these results indicate amplicon-based
whole transcriptome sequencing is a viable tool for profiling samples
isolated from our functionalized GO chip.

CTC concentrations (enumeration) associate with tumor burden at blood
draw and overall survival

Using the optimized workflow, we then analyzed CTC profiles from a
pilot cohort of 15 BC patients, including 14 metastatic BC patients and 1
non-muscle invasive bladder cancer (NMIBC) patient. Within this
cohort, 9 patients received pembrolizumab (a PD-1 checkpoint blockade
immunotherapy), 14 patients had single time point blood draws, and
one patient recorded blood draws at two sequential time points
(Fig. 2A).

11 of the metastatic BC patients had radiographically visible disease
at the time of blood draw and 3 patients had no radiographic evidence of
tumor at the time of the draw. We first sought to compare CTCs per mL
based on presence or absence of radiographic metastatic disease at the
time of blood draw (Fig. 2B). In addition, 4 control samples from healthy
blood were processed using the same protocol to serve as a negative
control. Previous studies looking at CTCs in breast cancer and pancreatic
cancer, respectively, have shown that circulating epithelial cells have
been identified in the blood of healthy patients [32]. Epithelial cells
significantly express both target markers (EPCAM, EGFR), therefore, we
believe that cells identified by the microfluidic chip in healthy patients
are likely low numbers of circulating epithelial cells. Significantly higher
CTC numbers were found in patients with radiographic metastatic dis-
ease (mean = 11, CTCs per mL, p-val = 0.0471). We then compared the
CTCs per mL between the different blood draw times with respect to
their systemic treatments among the metastatic MIBC patients (N = 14).
In this cohort, 3 samples were drawn before the patient received sys-
temic treatments, while 6 were drawn during systemic treatment
(including 2 samples from one patient drawn at different times during
therapy), and 5 were drawn after treatment was completed (Fig. 2A).
One patient was excluded from this analysis due to lack of follow up. As
shown in Fig. 2C, no significant difference in CTC concentration was
found between the different treatment time points. Overall survival from
the time of blood draw and CTC measurement was then analyzed to
determine the implication of CTC concentration for patient survival.
Next, we sought to divide the patient cohort into high- and low-CTC
groups. The maximally selected rank statistic was utilized to deter-
mine the effective cut-point at differentiating the high- and low- groups
by survival, which yielded an optimal cut-off of > 2.5 CTCs per mL [33].
This cut-off is concordant with previous studies looking at CTCs in
prostate cancer that sought to separate patient cohorts into high and low
CTC groups based on CTC/mL cutoff’s ranging from >2 to >5 [34]. As
shown in Fig. 2D, patients with >2.5 CTCs per mL had significantly
shorter overall survival time (p-val = 0.0093). To confirm this associa-
tion is real, and we were not simply selecting for patients with high
disease burden, verses, no evidence of disease, the same analysis was
repeated for only the 10 patients whose blood samples were collected
prior to treatment, that had a partial/no response to treatment, or that
were stable and responding to treatment but still had evidence of dis-
ease. Using the same cutoff, patients with >2.5 CTCs per mL trended
toward reduced survival (p-val = 0.23) (Fig. S1). The Cox regression
comparing these two groups yielded a hazard ratio of 3.365 (p-val =
0.26). A power analysis indicates that in order to obtain a significant
difference in survival at the estimated hazard ratio between the high-
and low- CTC groups, at alpha = 0.05, and with 80 % power, 38
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Table 1A
Percentages of invasive marker positive CTCs.

% patients had at least 1 CTC stained positive for

ADAM15 46.7 %
CD31 58.3 %
EGFR 66.7 %
HER2 16.7 %
% patients had at least 1 CTC stained positive for two markers 58.3 %

high-CTC samples and 16 low-CTC samples are needed. Although these
results are limited by the number of samples, taken together these results
indicate that numbers of CTCs enumerated from our GO chip corre-
sponded to overall disease burden and that higher numbers of CTCs may
correlate with worse patient survival.

Correlation of CTCs with invasive marker expression and overall survival

Because ADAM15, CD31, EGFR, and HER2 are associated with
increased tumor invasion and metastatic spread, each was evaluated in
isolated CTCs from BC patient samples, summarized in Table S1. Ex-
amples of immunofluorescent staining images are shown in Fig. 3A, B.
Following CTC capture, we analyzed the immunofluorescent staining of
these biomarkers in selected patients (12 patients for EGFR and HER2,
15 patients for ADAM15) and summarized them in Table 1A. With some
patient samples, low numbers of captured cells led to poor image quality
(i.e. ADAM15) when evaluating multiple markers. Enumeration of
ADAM15+ CTCs from a small subset of patients with metastatic relapse
can be found in Fig. S2.

We next correlated the CTC expression profiles with overall survival
data (Fig. 3C). Although the comparison did not reach statistical sig-
nificance due to limited sample size, patients who had ADAM15+,
EGFR+, or HER2+ CTCs trended toward reduced overall survival. These
results corroborate with previous literature showing that these markers
are associated with tumor progression [17,22,23,35,36]. Overall, our
data suggests a possible relationship between these invasive CTC
markers and BC patient outcome that should be verified in larger
cohorts.

Metastasis related RNA signatures found in patients with high tumor
burden and high CTC counts

To further investigate CTC expression signatures in the RNA,
amplicon-based targeted RNA sequencing was performed on a total of 13
patient samples, 7 cell line spikes, and 4 healthy controls. The results
were analyzed using a custom pipeline, shown in Fig. 4A. In short, the
read count table was exported from the TorrentSuite software and im-
ported into the R programming language. We then performed normali-
zation, quality control, and unsupervised clustering. To determine if we
could detect tumor specific gene signatures from isolated CTC samples,
we compared the gene expression profiles from clinical samples with BC
cell lines isolated from PBS or spiked into blood. As shown from a
principal component analysis (PCA) in Fig. 4B, the expression profiles
clustered by the presence or absence of blood. This may be a result, in
part, of non-tumor RNA in the CTC samples isolated from blood (upper
panel) or simply a consequence of the large sample-to-sample hetero-
geneity. When we specifically compared the RNA signatures of clinical
samples (in the lower panel), with patients showing no radiographic
evidence of disease, we found a small overlap, but for the most part,
good separation between these groups. Additionally, CTC RNA signa-
tures from patients with more significant disease burden clustered
separately. In summary, we found a lot of variances within a given
cluster due to patient heterogeneity. To correct for patient-to-patient
noise, the RUVg method from the RUVseq R package was utilized to
estimate and remove factors of variance not attributed to our primary
comparison using 84 WBC control genes that should not be differential
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Fig. 4. RNA expression analysis from CTC samples. (A) RNA analysis workflow overview. (B) Principal component analysis (PCA) for the RNA expressions. (C)
Volcano plot of significantly differentially expressed genes between patient samples (N = 13) and healthy controls (N = 4). (D) Volcano plot of significantly
differentially expressed genes between patients with metastatic disease (N = 8) and patients with no evidence of disease at the time of blood draw (N = 5). (E)
Normalized counts using DESeq2 of the differentially expressed genes between patients who have high and low CTC counts (cutoff of 2.5 CTCs per mL).

Table 1B
Top 3 cancer related disease ontologies and their relevant differentially
expressed genes between cancer patient and healthy controls.

DISEASE
ONTOLOGY

RELEVANT GENES

Urinary System
Cancer
Kidney Cancer

FLT1, EDN1, EDNRB, PRTN3, RET, APOE, APOC1, ID1,
ALOX5, CDKN1B

FLT1, EDN1, EDNRB, PRTN3, RET, APOE, APOC1, ALOXS5,
CDKN1B

Prostate Cancer FLT1, BUB1B, APOE, NR1H3, HSPG2, ID1, CDKN1B

across samples. We next performed differential gene expression analysis
and discovered tumor-related traits within isolated CTCs. The differen-
tial gene expression profiles were examined by performing 3 separate
analyses of the total cohort: (1) healthy controls or patient samples; ()
patients with and without radiographic metastatic disease; (3) patients
who have CTCs > 2.5 per mL and < 2.5 per mL.

Between the CTCs quantified in patient samples (N = 13) and the
circulating epithelial cells quantified in healthy controls (N = 4), 216
genes were found to be significantly differentially expressed (adjusted p-
val < 0.05, Fold change > 1.5), including 199 upregulated and 17
downregulated genes (Fig. 4C). Many genes amongst the 199 enriched
genes in CTC samples have been shown to be associated with cancer
development. Further bioinformatic analysis reveals enriched cancer
ontologies, with 10 genes being strongly associated with genitourinary
(GU) system cancer (Table 1B). For example, highly upregulated gene
FLT1 (Fms-related tyrosine kinase 1), the receptor of VEGF (Vascular
endothelial growth factor), is have been shown in 40 % of urinary
bladder cancer patients [37].

As shown in Fig. 4D, the comparison between patients with radio-
graphic metastatic tumor (N = 8) and patients with no radiographic
disease evidence (N = 5) resulted in 211 differentially expressed genes
(adjusted p-val < 0.05, Fold change > 1.5), 197 of which were upre-
gulated in patients with metastatic disease. Interestingly, there were
only two common genes (MOXD1 and WDHD1) between this set of
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differentially expressed genes (DEGs) and previous DEGs between pa-
tient samples and healthy controls indicating potentially unique mo-
lecular traits associated with metastasis. Matrix metalloproteinase-2
(MMP-2) is overexpressed in patients with high metastatic burden, and
MMP-2 contributes to almost every key step in the metastatic cascade,
including epithelial to mesenchymal transition (EMT), cancer cell sur-
vival, proliferation, and vascular intravasation [38]. Overexpression of
AKR1C2 has been shown to aid the development of cisplatin-based
chemoresistance and is a potential high-risk factor in BC patients [39,
40]. Steroid sulfatase (STS) is a steroid sulfate activation enzyme in the
androgen signaling pathway known to associate with aggressive tumor
characteristics [41]. In BC patients, STS has been shown to promote the
invasion capability through the regulation of EMT [42]. Moreover,
KRT5 and KRT10 were found to be highly upregulated in the metastatic
patient group. These two genes are often found in the basal subtype of
BC cell lines, which demonstrate aggressive phenotypes as well [43].
K10 is also thought to act on the retinoblastoma (b) pathway to inhibit
proliferation and support EMT progression and metastasis [44]. Addi-
tionally, our data identified other examples of well-studied meta-
stasis-related markers including GATM [45], SYTL1 [46], and CAPN1
[47].

We then interrogated the differential expression between patients
with high (N = 6) or low (N = 7) CTC enumerations, with a cutoff of 2.5
CTCs per mL. There were 21 DEGs between these two groups, as shown
in Fig. 4E. Several genes related to metastasis including COL5A1, MMP2,
MMP13, AKR1C2, and KRT10, were detected in some samples within the
high concentration CTC group. Although the detection of these genes
was sparse among the tested samples, some universally expressed genes
such as Carbamoyl-Phosphate Synthetase 2 (CAD or CPS2) and RANBP2-
like and GRIP domain-containing protein 2 (RGPD2) showed interesting
trends. CAD /CPS2 was highly expressed in CTC enriched samples, as
well as the cell line controls. CAD/CPS2 is involved in pyrimidine
biosynthesis and is upregulated in cancer cells [48]. RGPD2, on the
other hand, was highly expressed in several CTC low samples, but not in
samples containing high numbers of CTCs, nor in BC cell line controls.
RGPD2, though not well studied, demonstrated enriched expression in
regulatory T cells. Taken together, these results establish that our CTC
capture and RNA profiling platform is capable of high sensitivity tran-
scriptomic analysis within small numbers of BC CTCs in metastatic
patients.

Discussion

Molecular profiling of cancer cells is essential to the therapeutic
approach of personalized treatments for cancer patients. CTCs hold the
promise to ultimately improve personalized medicine through patho-
logical and transcriptomic analysis. This novel approach allows for more
frequent non-invasive monitoring of disease status, with the hope of
improved patient quality of life and improved survival. Until now, BC
CTC analysis has been hindered by low detection rate and limited ability
to perform molecular profiling analysis. Herein, we present proof-of-
concept data, establishing that a highly sensitive GO microfluidic de-
vice can be used to enumerate CTCs and examine both protein and RNA
in BC CTCs. This initial study tested a two-fold workflow on a limited
cohort of 16 BC patients and 5 healthy control samples, where we suc-
cessfully detected CTCs from all BC patient samples. The CTC concen-
trations in patients with radiographic evidence of metastatic disease
were significantly higher than those in healthy controls and, in patients
with no radiographic disease evidence. Additionally, we determined
that patients with CTC concentrations higher than 2.5 CTCs per mL had
shorter overall survival time. These results are consistent with other
published literature in which CTC numbers determined a proxy for
disease burden and thus, patient prognosis [8,10,49].

We utilized multiplex immunofluorescent staining to investigate a
new set of expression markers, EGFR, HER2, CD31, and ADAM15 on
isolated CTCs. We hypothesized that the expression of these additional
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markers would represent an aggressive CTC subtype, responsible for
vascular invasion, and contribute to a worse disease outcome. Although
our analysis was limited by sample size, we compared the survival data
for the patients with, and without invasive markers, we found that BC
patients who expressed ADAM15+, EGFR+, and HER2+ with increased
CTC numbers, demonstrated the shortest overall survival trends based
on immunostaining.

To elucidate the molecular transcriptomic profiles of CTCs in this
same patient population, we developed a workflow utilizing amplicon-
based targeted transcriptome sequencing and bioinformatics methods
to profile DEGs from bulk RNA material in isolated CTCs. Since patient
heterogeneity and technical noise were clouding signatures, we used a
set of 84 WBC marker genes to remove unwanted variance not associ-
ated with our comparison of interest in these bulk samples. We identified
DEGs between; cancer patients and healthy controls; metastatic patients
and patients with no radiographic disease evidence, and additionally;
patients with high CTC counts and low CTC counts. Many documented
metastasis-related gene signatures (KRT5, KRT10, MMP-2, MMP-13,
AKR1C2, GATM, SYTL1, and CAPN1) were found to be upregulated in
metastatic patient samples. Future studies will investigate expression of
genes in CTCs using single cell-based profiling approach to confirm and
further this research.

Conclusion

In short, our study establishes the feasibility of combining technol-
ogies to broaden the CTC research landscape, while offering a non-
invasive, patient-tailored approach to analyze and monitor BC. We
recognize that larger cohorts are needed to continue to validate our CTC
enumeration cutoff and determine the durability and value of our po-
tential biomarker subset for BC patient prognosis. Likewise, new studies
will be important to validate the prognostic value of the markers we
identified through transcriptomic analysis of BC CTCs. Incorporation of
this technology into larger studies might allow us to de-escalate thera-
pies in those with minimal residual CTCs following therapy and, addi-
tionally, to target therapies based on gene expression or protein markers
associated with therapeutic responses (i.e. HER2- Pertuzumab and
PDL1- immunotherapy).

Methods
Cell culture

BT474, UM-UC-5, UM-UC-9, and UM-UC-18 cell lines were main-
tained in DMEM (Gibco) with 10 % fetal bovine serum (Sigma) and 1 %
antibiotic-antimycotic (Gibco) at 37°C and 5 % COs. HUVEC cell line
was maintained in complete endothelial cell growth medium (Sigma).
Cell lines were routinely tested and reported negative for mycoplasma
contamination (Lonza). Western analysis confirmed the expression of
ADAM15, HER2, and EGFR in these bladder cell lines [50].

GO chip fabrication and functionalization

The GO chip was fabricated and functionalized as described previ-
ously [51]. In brief, a chrome layer (100 A) and gold layer (1000 A)
were first deposited onto the silicon dioxide wafer. A layer of positive
photoresist (SPR 220) was then coated and exposed to UV light under
the mask with designed patterns. The patterns formed on the photoresist
when immersed in developing reagents, and patterns were then etched
into the gold and chrome layer. The photoresist was then removed
entirely, and the devices were cut to the correct sizes.

To functionalize, GO suspension was prepared with graphene oxide
(GO) nanosheets, N, N-dimethylformamide (DMF), tetrabutylammo-
nium (TBA) hydroxide, and phospholipid-polyethylene-glycol-amine
(PL-PEG-NHZ2). Silicon substrates were immersed in a GO suspension for
10 minutes. The silicon chips underwent sequential washing steps
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involving deionized (DI) water, isopropyl alcohol (IPA), and subsequent
drying. The silicon substrates and polydimethylsiloxane (PDMS)
microfluidic chambers were bonded utilizing corona plasma discharge.
The cross-linking agent N-(gamma-maleimidobutyryloxy) succinimide
(GMBS) was introduced to the microfluidic chambers and incubated for
30 min. Post-incubation, the chips were washed extensively with
ethanol and underwent assembly with tubing. Neutravidin was then
actively introduced into the microfluidic devices through syringe
pumps, following which the assembled devices were stored at 4 °C until
the commencement of sample processing. To prepare chips for pro-
cessing samples, 1 mL PBS was first run through the device at 100 pL/
min to wash off the residual Neutravidin. Then, the antibody cocktail
containing 20 pg/mL anti-EpCAM and 20 pg/mL anti-EGFR was pro-
cessed through the device inlet at 20 pL/min and incubated for 30 min.
The antibody cocktail was then run through the outlet with the same
incubation to ensure even antibody coating. 3 % bovine serum albumin
solution was then processed through the device at 100 pL/min to pre-
vent non-specific binding of WBCs.

Patient selection and approval

The experimental protocol was approved by the Ethics (Institutional
Review Board) and Scientific Review Committees of the University of
Michigan. All patients gave their informed consent to participate in the
study (HUMO00041153). Following IRB approval, metastatic bladder
cancer patients were identified and provided informed consent. Out of
the selected 13 patients (N = 13), five patients previously had metas-
tases but had an excellent response to therapy and thus had no evidence
of disease on imaging at the time of blood collection (N = 5). The
remaining eight patients had visible metastatic disease (N = 8). Healthy
control volunteers (N = 4) consented to participate.

Patient sample collection and CTC isolation from blood

For each patient sample, three GO chips were processed in parallel to
perform immunofluorescence (two GO chips) and RNA extraction (one
GO chip) within 4 h post-blood draw. In short, 1 mL of blood sample was
processed through the GO device at 1 mL/hr following the capturing
antibody incubation and BSA incubation as described above. 6 mL of
PBS was processed at 100 uL/min to wash off any unbound, non-specific
blood cells. Fixation with 1 mL of 4 % paraformaldehyde (PFA) was
performed.

Cancer cell isolation from control samples and capture efficiency
calculation

Targeted bladder cell lines (UM-UC- 5, UM-UC-9, or UM-UC-18)
were pre-labeled with fluorescent green tracker dye (CellTrackerTM
Green CMFDA) and counted before being added to PBS or blood. Cell
capture was performed by flowing the model samples through the de-
vices at a flow rate of 1 mL/hr. The cells were then fixed in 4 % PFA and
permeabilized with 0.2 % Triton-X100 on the chip, followed by nuclear
staining with DAPI (4, 6-diamidino-2-phenylindole). The chips were
then scanned using fluorescence microscopy, and the capture efficiency
was calculated using the following equation:

cell number captured on chip

100%
total cell number processed x 0

capture efficiency (%) =

Immunofiuorescent staining and CTC identification

Following 4 % PFA fixation and a 6 mL PBS wash, the isolated CTCs
from patients were permeabilized using 0.2 % Triton-X100 (Sigma-
Aldrich) and incubated for 30 min. The GO devices were then washed
with 2 mL PBS and blocked for 30 min with 2 % goat serum (Thermo-
Fisher) plus 3 % BSA to prevent nonspecific staining. The staining

Neoplasia 57 (2024) 101036

Table 2A
Summary of antibodies used for the 2 staining panels.

Marker Primary antibody Secondary antibody Staining Panels
CD45 Santa Cruz Sc-70699 Thermofisher A11006 Panel 1 & 2
CK7/8 BD 349205 Thermofisher A21133 Panel 1 & 2
EGFR Thermofisher 2800005  Thermofisher A21240 Panel 1

HER2 Cell Signaling 2165 Thermofisher SA5-10035  Panel 1

CD31 R&D Systems BBA7 Thermofisher A21240 Panel 2
ADAM15  Novopro 101503 Thermofisher SA5-10035  Panel 2

antibodies were diluted in 1 % BSA and run through the devices at 50
pL/min and incubated at 4 °C overnight. The following day, 2 mL PBS
was run through the two devices at 100 uL/min to wash off excess pri-
mary antibodies. The secondary antibodies were prepared, run through
the two devices, and incubated for 1.5 h. 2 mL of PBS were again run to
wash off excess secondary antibodies. DAPI was then run through the
device, incubated 15 min, washed off using 1 mL of PBS. Finally, the
devices were scanned and analyzed using Nikon Ti2 fluorescent micro-
scope and the Nikon-Elements software. A summary of the antibody
products used is shown in Table 2A.

CTCs were identified as DAPI+/CK7/8+/CD45- based on the stain-
ing images. Of these identified CTCs, expression of invasive markers was
recorded as binary variables for further analysis.

RNA extraction and targeted whole-transcriptome sequencing

RNA extraction was performed on the third GO chip parallel device
after 1 ml blood sample processing and a PBS washing step. In short, 100
uL Arcturus® PicoPure® RNA Extraction buffer (Life Technologies) was
run through the device at 3 mL/hr. The device was then incubated at 42
°C for 30 min. Following incubation, 100 pL ultrapure DNAase-free and
RNAase free DEPC water Fischer® was run through the device, and the
effluent materials were collected. These materials were purified using
Arcturus® PicoPure® RNA Isolation Kit according to the manufacturer’s
instructions. The resulting 11 L of purified RNA was stored at -80 °C
until the library was prepared.

We performed amplicon-based whole-transcriptome sequencing
using the Ion Ampliseq Transcriptome Human Gene Expression Kit (Life
Technologies) according to the manufacturer’s instructions with
approximately 0.3 ng of RNA per sample, allowing for interrogation of
~21,000 RNA transcripts. Library preparation was performed according
to the manufacturer’s instructions. Technical replicate libraries and
templates were independently constructed and sequenced on separate
chips. Reads were mapped and quantified using version 5.16.1 of Tor-
rentSuite’s (Life Science Technologies) Coverage Analysis plugin with
the default parameters.

Bioinformatics analysis and removing unwanted variance

The read count table was exported into the R programming language
for further analysis. We first filtered out any genes that did not have 5 or
more reads in at least two patient samples. Normalization was per-
formed using the upper-quartile method in the EDASeq package fol-
lowed by PCA [52,53]. We then used the RUVg method from the RUVseq
R package to eliminate unwanted variation not attributed to our variable
of interest, according to the published workflow [54]. Two input pa-
rameters were needed: a set of negative control genes and the factor
number, k. Since WBCs are not perturbed in this analysis, their associ-
ated genes were selected as negative controls since it is expected that
there is no difference in expression across samples. For the negative
control genes, we first selected a broad range of 1746 leukocyte marker
genes from available databases [55,56], and then filtered this list down
to genes most expressed in our experiment. To do this, we first plotted
the average expression and standard deviation of these 1746 genes
within the healthy control and cell line samples using a density plot
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Table 2B

Neoplasia 57 (2024) 101036

Density plots for selected WBC-related genes and criteria for selecting relevant WBC control genes.

Average WBC Expression

—— Cell line
HC

Density

0.00 0.02 0.04 006 0.08 0.10

T T T T
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N=1746 Bandwidth =0.8105

Select genes whose average log expression is:

Standard Deviation of WBC expression

—— Cell line
HC

Density
02 03 04 05 06 07

00 0.1
1

/
(
|

|

N=1746 Bandwidth =0.1311

Select genes whose standard deviation is:

> 5 within all HC samples
< 4 within all Cell line samples

> 1.5 within all HC samples
< 0.6 within all Cell line samples

(shown in Table 2B). We then set a series of criteria to find genes both
highly expressed in processed healthy blood control samples and lowly
expressed in our cell line control samples. The detailed selection criteria
are listed in Table 2B.

Using this criteria, 84 WBC marker genes were selected as negative
control genes. For the factor number k, we experimented with k equals 1
to 5 based on the small patient sample size [54,57]. The resulting dif-
ferential gene expression did not seem to be affected by the k number.
We chose k equals 2 as the input parameter. After normalization,
DESeq2 was used to perform differential expression analysis. A given
gene was considered differentially expressed if its false discovery rate
(FDR) corrected p-value was <0.05 and its absolute fold change >1.5.
Pathway analysis was performed using the identified DEGs and the
ClusterProfiler package [58,59].

Statistical analysis

Statistical analysis was conducted in GraphPad Prism V9 and the R
programming language. Comparisons of CTC numbers between two
groups were performed using unpaired Student’s t-tests, two-tailed.
Survival analysis was performed using Kaplan-Meier survival curves
with the Log-rank method (Mantel-Cox test) in GraphPad Prism. Power
analysis was performed using the powerSurvEpi R package. The last
follow up date for patient samples was April 22nd, 2022. For RNA
analysis, correlation was performed using simple linear regression in R,
and the coefficient of determination, R%, was reported.
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