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Abstract: Cancer cells set in motion transcriptomic programs allowing for adaptation and growth in immunocom- 
promised mice to form xenografts, a frequently used tool in cancer research. 2D cultures may not be representative 
of tumors growing in a complex host microenvironment. This can result in different responses to the same agent 
tested in vitro and in vivo which impedes the process of developing novel therapeutics. Understanding the transition 
cells undergo from 2D cell culture to a 3D host microenvironment will help in developing and choosing appropriate 
models for pre-clinical studies. Our study characterized the transcriptome of a three frequently used muscle-inva-
sive bladder cancer cell lines HT1376, T24 and UM-UC-3 grown in culture and xenografts in nude mice. We found 
that bladder cancer cells undergo few transcriptomic changes when transitioned from 2D cell culture to xenografts 
in nude mice. UM-UC-3 cells have the least transcriptomic alterations followed by T24 and HT1376 cells. Respective 
xenografts cluster with their parental cell lines rather than other xenografts or cell lines. We applied established 
bladder cancer molecular subtypes to our data and found that UM-UC-3, containing the least transcriptomic altera-
tions, most closely resembled the basal-like molecular subtype of bladder cancer. HT1376 and T24 have mixed 
basal and luminal molecular signatures. Our studies suggest this subset of bladder cancer cell lines and derived 
xenografts maintain similar transcriptomic profiles in both 2D culture and 3D xenografts and can be used inter-
changeably in pre-clinical studies. 
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Introduction

Cancer cells grown in the laboratory have long 
been used to study mechanisms and signaling 
pathways in cancer. There is continuing benefit 
to the use of molecularly classified 2D cell cul-
tures in the era of precision medicine, where 
tumors in cancer patients are also classified 
into molecular subtypes [1], because most cell 
lines retain their oncogenic mutations and hall-
marks of the original surgically removed tumor 
[2]. In addition, cells can be genetically manipu-
lated in vitro to understand basic signaling 
mechanisms and study agents targeting spe-
cific molecules [2, 3]. 

However, 2D cell culture models may not be 
representative of 3D xenograft tumors growing 
in vivo in mice or human tumors growing in a 
complex microenvironment [4]. The limitations 
of 2D cell culture model-based study of human 

cancers center on the fact that cells within solid 
tumors growing in a host microenvironment 
also deal with varying levels of oxygen distribu-
tion, nutrients, and at least a subset of immune 
cells if not the entire immune system. These 
interactions can fundamentally alter prolifera-
tion rates and functional properties of cells 
within solid tumors compared to cells growing 
in 2D cell culture [5, 6]. Such alterations of sig-
naling pathways can cause discrepancies in 
outcomes of therapeutic agents tested in 2D 
cell culture vs. cells growing as solid tumors in 
mice or humans [6]. 2D cell culture is also not 
suitable for studying agents that are pro-drugs 
and have to be metabolically converted to an 
active drug molecule [7]. 

In this scenario, the challenge is to identify 
appropriate pre-clinical models that maintain 
the key features of the original tumor proper-
ties. Characterizing genetic and epigenetic 
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alterations in both cell culture and xenograft 
models addresses the issue of maintaining key 
tumor features to a large extent. A comprehen-
sive analysis of mutations, copy number varia-
tions (CNVs), DNA methylation and gene expres-
sion in over 1000 cell lines and 11,000 tumors 
showed that cell lines and tumors from patients 
share similar molecular alterations with few of 
those related to drug resistance/sensitivity [8]. 
Similarly, the cancer cell line encyclopedia 
reports mutations, CNVs and gene expression 
in over 900 cancer cell lines along with phar-
macological profiling across 500 cell lines, but 
bladder cancer is not included in this study [9]. 

Bladder cancer that has invaded the muscle 
and spread locally or regionally has survival 
rates of generally less than two years [10]. 
Neoadjuvant cisplatin-based chemotherapy 
and cystectomy are the first line of treatment 
and have been the only option for these 
patients over the last three decades. PD-L1 
based checkpoint inhibitors have only recently 
been approved for metastatic urothelial tumors, 
but these inhibitors show objective response 
rates in just 20% of patients [11]. With the low 
rate of therapy discovery and approved thera-
pies working in a small subset of patients, it is 
critical to choose appropriate pre-clinical mod-
els to study advanced bladder cancer and 
increase the prospects of positive clinical out-
comes. Previous studies show a high level of 
concordance of mutational burden between 
cell lines and primary tumors in bladder cancer 
[8] with the identification of molecular signa-
tures from 2D cell cultures that predict cisplatin 
sensitivity in bladder cancer patients [12]. How- 
ever, there are no studies to date that investi-
gate the potential alterations occurring in cells 
transitioning from 2D cell culture to a tumor in 
a mouse. Therapeutic agents are required to be 
tested in pre-clinically in laboratory animals 
before they are introduced in the clinic, there-
fore it is necessary to understand molecularly 
the models used in those studies. With this in 
mind, we studied three muscle-invasive blad-
der cancer cell lines grown under 2D cell cul-
ture and as subcutaneous tumors in nude mice 
to identify potential transcriptomic alterations 
between the two growth conditions.

Materials and methods

Cell culture and reagents

HT1376 (ATCC; CRL1472), T24 (ATCC; HTB4) 
and UM-UC-3 (ATCC; CRL1749) cell lines were 

used in the study. HT1376 and UM-UC-3 cells 
were cultured in MEM media (Corning, 10-010) 
supplemented with non-essential amino acids 
and T24 cells were cultured in McCoy’s media 
(Corning, 10-050). All the media were supple-
mented with 10% FBS (Corning, 35-010) and 
100 IU Penicillin/100 µg/ml Streptomycin (Cor- 
ning 30-002) and cultured in 37°C/5% CO2 
incubator. Cell lines were tested for mycoplas-
ma contamination once every two months. Cell 
counts were obtained using a ViCell counter 
that uses trypan blue exclusion as a measure-
ment of viable cells. 8×104 HT1376 and T24 
cells and 1×105 UM-UC-3 cells were plated, and 
cell counts were measured after 96/120 hours 
using the Vicell counter. Cell doubling time was 
calculated using the formula: [Duration * Log 
(2)]/[Log (Final Concentration) - Log (Initial 
Concentration)].

Cell line-derived xenografts

2×106 HT1376 cells, 5×106 T24 cells, and 3× 
106 UM-UC-3 cells for each mice were re-sus-
pended in 50:50 HBSS and Matrigel (VWR, 
354480) (100 µl total injection volume). The 
cell-matrigel mix was injected subcutaneously 
into five nude mice for UM-UC-3 and ten nude 
mice for T24 and HT1376 each. Tumors were 
measured twice a week with calipers. Tumor 
volume was calculated as (L×W×W)/2; where L 
is the longest axis of the tumor and W is the 
shortest axis measured in mm. HT1376, T24, 
and UM-UC-3 tumors were measured for 40 
days, 86 days, and 23 days respectively from 
the time of injection. At the end of the study, 
mice were humanely euthanized, tumors were 
harvested, and fresh frozen tissues were stored 
for RNA extraction or fixed in 10% Neutral 
Buffered Formalin for paraffin embedding. 

RNA extraction and sequencing

RNA extraction was carried out using the Zymo- 
Research kit. For tumors, RNA was extracted by 
crushing tumors in liquid nitrogen-cooled mor-
tar and pestle with the the resulting powder 
suspended in Trizol. For cell lines, cells were 
rinsed with PBS and Trizol was directly added to 
the well or plate. The cell and tumor suspen-
sions were incubated in Trizol for 5 minutes at 
room temperature followed by RNA extraction 
according to the ZymoResearch protocol. Ex- 
tracted RNA was analyzed by a bioanalyzer for 
quality check prior to RNA-sequencing. 
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Bioinformatics and statistical analysis

Accounting for human and mouse host RNA in 
the 3D xenografts, RNA-seq data were summa-
rized at the gene level as reads per kilobase per 
million (RPKM). We employed standard ANOVA 
models to test the main effect of 3D xenografts 
versus 2D cultures and line specific effects 

using the Limma and eBayes workflow for RNA- 
seq [13]. All analyses were performed in the R 
statistical programming language. Heatmap 
correlations in Figure 2A are all greater than 
0.85 (dark grey), the white bins reflect correla-
tions above 0.95. Using established molecular 
signatures for bladder cancer, we compared 
differential gene expression across all lines. 

Figure 1. HT1376, T24, and UM-UC-3 bladder cancer cell lines have different morphologies in vitro and in vivo. A. 
Left panel represents brightfield images of HT1376, T24 and UM-UC-3 cell lines with distinct morphologies cultured 
in vitro. ___ represents 20 µm. Right panel represents brightfield images of hematoxylin and eosin staining of cell 
line-derived xenografts that are morphologically different in vivo. ___ represents 100 µm in the low power image 
and 20 µm in the inset. B. 1.2×105 HT1376 cells, 0.8×105 T24 cells and 1×105 UM-UC-3 cells were plated on Day 
0. Cell counts were performed at 96 hours (4 days) or 120 hours (5 days) after initial cell plating. The graph shows 
similar proliferation rate (calculated based on the formula for population doublings in ATCC) between the three cell 
lines in vitro. The Y-axis represents cell counts from biological and technical duplicates. The X-axis represents the 
different cell lines with 0 being the time of plating and 4/5 being the number of days that the cells were in culture. 
The error bars represent standard error of means between all the cell counts. C. 2×106 HT1376 cells, 5×106 T24 
cells, and 3×106 UMUC3 cells were injected subcutaneously into nude mice. The Y-axis represents the tumor vol-
ume measured in mm3 and X-axis represents the number of days after injection. D. Top panel: Multiple thaws of the 
different cell lines were cultured for up to 15 passages and two of the passages were analyzed by RNA-sequencing 
(henceforth known as 2D). Bottom panel: Within the first five passages of thawing, cells were expanded for subcu-
taneous injection in vivo. Tumors from three different mice were analyzed by RNA-sequencing (henceforth known 
as 3D xenografts).
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Pathway enrichment analysis was performed 
using Genego by MetaCore from Thomson 
Reuters. Summary of genes whose descrip-
tions were available on MetaCore are listed in 
Tables 1, 4, 5, 6A, 6B, 7A and 7B.

Results

Bladder cancer cell lines have different mor-
phologies and proliferation rates in vitro and 
in vivo

Analysis of bladder cancer cell lines shows that 
genetic alterations including mutations, gene 
expression, and copy number alterations are 
similar to those found in patient tumors of blad-
der cancer [12]. However, there are no studies 
that evaluate if bladder cancer cells coming 
from 2D cultures maintain these molecular fea-
tures after transplantation into a murine host. 
To investigate this transition process, we used 

three muscle-invasive bladder cancer cell lines 
HT1376, T24, and UM-UC-3. In vitro (referred to 
as 2D); HT1376 had a cobblestone-like appear-
ance, T24 had an epithelial-like appearance 
and UM-UC-3 had fibroblastic appearance (Fig- 
ure 1A). All three cell lines had similar doubling 
times in vitro represented as average number 
of days ± Standard error of means: 1.8±0.33 
days for HT1376 and 1.7±0.06 days for T24 
and 1.7±0.06 days for UM-UC-3 cells (Figure 
1B). These cells were injected subcutaneously 
into immune-deficient nude mice and xenograft 
growth was recorded over a period of time. 
HT1376, T24, and UM-UC-3 derived xenografts 
(referred to as 3D xenografts) took an average 
of 40, 65 and 23 days respectively to reach 
approximately 1000 mm3 (Figure 1C). All three 
cell line-derived xenografts had similar mor-
phology in vivo with more than 80% squamous 
histology (Figure 1A). HT1376 xenografts had 

Figure 2. Low variance is observed between cell lines and cell line-derived xenografts from the same parental cells. 
A. Spearman’s correlation based on aggregate statistics of all the genes analyzed by RNA-sequencing show that the 
cell lines and xenografts from parental cell lines cluster together and are distinct from other cell lines/xenografts. 
These analyses were based on RNA-sequencing data from biological duplicates for the cell lines (2D) and biological 
triplicates for the cell line-derived xenograft (3D). B-D. Means of log ratios of RPKM values reveal that there only 
slight differences between the 2D and 3D models. Colored dots in each plot indicates alterations in gene expression 
that is greater than 2 fold change (P<0.05) in either direction. 
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Table 1. List of genes that are altered in all three 3D bladder xenografts
HT1376 T24 UM-UC-3 Count Gene List
Down Neutral Neutral 25 ALPP, ATP6V1B1, COL14A1, CTH, FAM49A, FOLR3, GDPD5, GJA5, GRAMD2, GSTM3, HSD3B1, HTR1D, JAM2, LHX4, MAOA, MAPK4, MGAT3, MTRNR2L8, MYH15, 

NPTX1, PLSCR4, PRR16, PRUNE2, TNFRSF11B, XAGE2

Neutral Down Neutral 10 ABCB1, ABCG2, ADAMTS12, BMF, FAM167A, FLNC, MGST1, NCKAP5, NEGR1, TMEM156

Neutral Neutral Down 5 MAR2, CGB5, CGB8, EPAS1, PAPPA

Neutral Neutral Up 5 DENND2A, DOCK4, FEZ1, LBH, SNORA33

Neutral Up Neutral 51 C10orf10, CAMK2N1, CCAT1, CCDC146, CDH3, CELSR1, COBLL1, CRLF1, CST1, DSP, FAM189A2, FBXO2, FGL2, FRMD4B, GSN, IGSF3, IRF6, ITGB4, JAG2, KRT14, 
MIR205HG, MUC2, MYLK, MYO1D, NDRG1, NPNT, NT5E, NUPR1, OLFML2A, PLCH2, PVRL1, RASSF6, RNU11, SERPINF1, SH3TC1, SLC6A8, SLITRK6, SLPI, 
SNORA20, SNORA22, SORL1, SYT8, THY1, TLL2, TNNI2, TNNT3, TRIM29, UBXN10, VCAM1, VIM, WNT7A

Neutral Up Up 2 SNORA61, SNORA66

Up Neutral Neutral 134 ABLIM1, AIM1, AKR1C2, ALDH3B2, ARRDC3, ATP12A, AXL, B3GNT5, BARX2, BNIPL, C15orf52, C3, CALB1, CALML3, CARD18, CASP14, CCL20, CD70, CDH13, 
CDSN, CKB, CMPK2, COL1A2, CPE, CRABP2, CSTA, CXCL10, CXCL8, DDIT4, DHRS9, DNER, DSG3, EHF, FCGR3B, FN1, FSCN1, FST, G0S2, GGT6, GSDMC, HCAR3, 
HDAC9, HEPHL1, HLA-F, HLA-G, HOPX, HR, HSPA6, IFI27, IFI44, IGFBP3, IL1RN, INHBA, IRAK2, ISG15, ITGA5, ITGAM, KLK11, KRT15, KRT16, KRT16P3, KRT4, 
KRT6A, KRT6B, KRT6C, KRT75, KRT78, KRT79, KYNU, LOC729083, LPAR3, LY6E, MAMDC2, MAP3K5, MFGE8, MMP9, MTSS1, MX2, MXD1, NIPAL4, OAS1, PAG1, 
PALMD, PARD6G, PDGFC, PDZK1IP1, PFKFB3, PGF, PKP1, PLA2G2F, PLA2G4E, PLAT, PMEPA1, PRDM1, PRKCDBP, PTGS1, PTHLH, RAC2, RHCG, RSAD2, S100A2, 
S100A7A, SAMD9, SAMD9L, SCEL, SDR16C5, SDR9C7, SERPINA3, SERPINB4, SLC10A6, SLC1A6, SLC22A1, SLC28A3, SNORA53, SPARC, SPINK5, SPNS2, 
SPRR1A, SPTSSB, THBS1, TM4SF1, TMEM45A, TMPRSS11E, TMPRSS4, TMSB10, TNNT1, TREM1, TRIM22, TYMP, VSNL1, WFDC12, XAF1, ZNF117, ZNF750

Up Up Neutral 7 FAT2, HCAR2, IFI44L, KRT17, KRT5, MMP10, TNC

Up Up Up 1 H19

Table 2. Pathway enrichment analysis of genes upregulated in HT1376 3D xenografts
# Enrichment by Process Networks p-value FDR In Data Network Objects from Active Data

1
Inflammation_Amphoterin signaling 5.903E-07 6.789E-05 11 IRAK2, IRAK1/2, ITGAM, MMP-9, Calgranulin C, Calgranulin B, IL-8, IL1RN, PLAT (TPA), S100B, 

S100P

2 Inflammation_Innate inflammatory response 1.825E-04 1.049E-02 10 IRAK2, IRAK1/2, CCL20, COX-1 (PTGS1), C3b, PLA2, C3a, C3, IL-8, IP10

3 Inflammation_Complement system 5.720E-04 2.193E-02 6 C3b, ITGAM, C3dg, C3a, C3, iC3b

4 Immune response_Innate immune response to RNA viral infection 1.044E-03 2.556E-02 6 IRAK1/2, CCL20, 2’-5’-oligoadenylate synthetase, MxA, IL-8, IP10

5 Proteolysis_ECM remodeling 1.111E-03 2.556E-02 6 Fibronectin, MMP-9, Osteonectin, SERPINA3 (ACT), PLAT (TPA), Kallikrein 3 (PSA)

6 Cell adhesion_Platelet-endothelium-leucocyte interactions 2.774E-03 5.316E-02 8 Fibronectin, LEKTI, ITGAM, MMP-9, PDGF-C, IL-8, Thrombospondin 1, PLAT (TPA)

7
Development_Blood vessel morphogenesis 4.244E-03 6.972E-02 9 Fibronectin, Tissue kallikreins, LEKTI, F263, Galpha(i)-specific EDG GPCRs, PD-ECGF (TdRPase), 

PLGF, PLAT (TPA), Kallikrein 3 (PSA)

8 Cytoskeleton_Intermediate filaments 5.194E-03 7.467E-02 5 Plakophilin 1, Keratin 6C, Keratin 16, Keratin 6A, Keratin 4

9 Proteolysis_Connective tissue degradation 6.047E-03 7.727E-02 6 Fibronectin, Tissue kallikreins, MMP-9, SERPINA3 (ACT), PLAT (TPA), Kallikrein 3 (PSA)

10 Development_Keratinocyte differentiation 8.365E-03 8.844E-02 4 Caspase-14, Cystatin A, ASK1 (MAP3K5), MAD
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greater number of regions with necrosis com-
pared to T24 and UM-UC-3 xenografts (Figure 
1A). Overall, the three bladder cancer cell lines 
have similar doubling times with different mor-
phologies in vitro. However, in vivo all three 3D 
xenografts develop, at different proliferation 
rates, subcutaneous tumors with squamous 
histology.

2D cell cultures and 3D xenografts derived 
from the same parental line are molecularly 
more similar to each other than 2D cell cul-
tures and 3D xenografts derived from other 
cell lines

To determine the changes in gene expression 
and alteration of signaling pathways when cells 

adapt from 2D culture to 3D xenografts in mice, 
we utilized high throughput RNA-sequencing to 
evaluate gene expression of all three 2D and 
3D xenograft bladder cancer models (Figure 
1D). Spearman correlation analysis showed 
that HT1376 cells and 3D xenografts were 
more similar to each other with respect to gene 
expression than to the T24 or UM-UC-3 models 
(Figure 2A). Similarly, the 3D xenografts derived 
from T24 and UM-UC-3 clustered closer to their 
respective parental 2D cell lines than to other 
2D cell lines or 3D xenografts (Figure 2A). In 
summary, the 2D cells and 3D xenografts 
derived from the same parental cell line were 
more similar to each other with less than 200 
genes transcriptionally altered between 2D and 

Table 3. Functional description of genes downregulated in HT1376 3D xenografts
Gene  
abbreviation Function

ALPP Catalytic enzyme involved in hydrolysis of phosphoric acid monoesters

ATP6V1B1 Involved in the acidification of eukaryotic intracellular organelles

CTH Converts methionine derived cystathionase into cysteine (essential for glutathione synthesis)

FOLR3 Folate receptor

GDPD5 Involved in glycerol metabolism

GSTM3 Conjugates electrophilic compounds like chemotherapeutic agents to glutathione thereby facilitating removal of these compounds

HSD3B1 Catalyzes the oxidative conversion of steroid precursors

HTR1D Serotonin receptor

JAM2 Adhesion molecule for a subset of immune cells

LHX4 Transcription factor in pituitary gland development and differentiation

MAOA Involved in oxidative deamination

XAGE2 Member of the cancer testis antigen family

COL14A1 Involved in development of fine fibrils in collagen fibers

GJA5 Part of gap junction proteins

MAPK4 Belongs to the mitogen-activated protein kinase (MAPK) family

MGAT3 Catalyzes the formation of diacylglycerol

NPTX1 Belongs to the neuronal pentraxin gene family

PRUNE2 Suppresses activity of Ras homolog family member A and oncogenic transformation

Table 4. Pathway enrichment analysis of genes upregulated in T24 3D xenografts
# Enrichment by Process Networks p-value FDR In Data Network Objects from Active Data

1
Cytoskeleton_Actin filaments 9.635E-07 5.107E-05 8 Myosin I, Troponin I, fast skeletal muscle, Troponin 

T, cardiac, Troponin T, skeletal, Gelsolin, Beta TnTF, 
MYLK1, MLCK

2 Cytoskeleton_Intermediate filaments 4.924E-04 1.305E-02 4 Keratin 16, Keratin 14, Vimentin, Desmoplakin

3
Muscle contraction 1.086E-03 1.718E-02 5 Troponin I, fast skeletal muscle, Troponin T, cardiac, 

Troponin T, skeletal, Beta TnTF, MLCK

4 Cell adhesion_Cadherins 1.297E-03 1.718E-02 5 P-cadherin, M-cadherin, WNT, Prr1, WNT7A

5
Cell adhesion_Amyloid proteins 1.850E-03 1.961E-02 5 Jagged2 (CTF1), Jagged2 (CTF2), WNT, WNT7A, Jag-

ged2

6 Cell adhesion_Cell junctions 6.288E-03 5.554E-02 4 M-cadherin, Vimentin, Prr1, Desmoplakin

7 Development_Neurogenesis_Synaptogenesis 9.075E-03 6.871E-02 4 Synaptotagmin VIII, Synaptotagmin, WNT, WNT7A

8
Development_Skeletal muscle development 2.829E-02 1.874E-01 3 Troponin I, fast skeletal muscle, Troponin T, skeletal, 

Beta TnTF

9 Development_Ossification and bone remodeling 3.528E-02 2.077E-01 3 WNT, DSPP, WNT7A

10 Signal transduction_WNT signaling 4.761E-02 2.490E-01 3 WNT, Vimentin, WNT7A
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3D models. Next, we used t-test analysis to 
identify gene expression changes that occur 
within the same set of 2D cells and 3D xeno-
grafts. We found that altogether HT1376 had 
167, T24 had 71 and UM-UC-3 had 13 genes 
that were differentially expressed (fold change 
>2 in either direction, P<0.05) in 3D xenografts 
compared to 2D cells (Figure 2B-D). We found 
134, 51 and 5 genes to be distinctly upregulat-
ed in HT1376, T24 and UM-UC-3 3D xenografts, 
respectively when compared to their 2D coun-
terparts (Figure 3A; Table 1). Whereas 25, 10 
and 5 genes were distinctly downregulated  
in HT1376, T24 and UM-UC-3 3D xenografts, 
respectively when compared to their 2D coun-
terparts (Figure 3A; Table 1). Gene enrichment 
analysis of upregulated transcripts in HT1376 
3D xenografts were involved in inflammation, 
proteolysis, cell adhesion, cytoskeletal fila-
ments, and differentiation (Figure 3B; Table 2). 
Genes that were downregulated in HT1376 3D 
xenografts included families of enzymes that 
catalyze hydrolysis, sulfuration, and conjuga-
tion (Table 3). In T24 3D xenografts, genes 
upregulated were involved in cytoskeleton fila-
ment development, cell adhesion, skeletal mu- 
scle development and Wnt signaling amongst 
others (Table 4). Downregulated genes in T24 

Only one gene, H19, a maternally imprinted 
long non-coding RNA was upregulated in all 
three 3D xenografts (Tables 1, 7A and 7B). In 
conclusion, we show that UM-UC-3 cells grow 
and form tumors in a subcutaneous nude 
mouse environment with fewer transcriptomic 
alterations than HT1376 and T24 3D models. 
UM-UC-3 3D xenografts have the least number 
of gene expression changes and a more rapid 
growth rate suggesting a more aggressive 
phenotype.

UM-UC-3 cell lines and 3D xenografts have a 
similar transcriptomic profile as basal molecu-
lar subtype of bladder cancer

In gliomas, cell lines or cell-derived xenografts 
do not accurately represent the genomic aber-
rations found in glioblastomas from patients 
[14]. However, in cell lines of bladder, transcrip-
tomic signatures are closely related to patient 
tumors of bladder cancer and can potentially 
be used to predict cisplatin sensitivity [12]. 
Cisplatin sensitivity is also associated with the 
basal-like molecular subtype of urothelial carci-
noma [15]. Therefore, we molecularly classified 
the 2D cells and 3D xenografts in our study  
to investigate if these models are representa-
tives of basal or luminal-like bladder tumors by 

Table 5. Functional description of genes downregulated in T24 3D xenografts
Gene abbreviation Function
ABCB1 and ABCG2 Involved in multidrug resistance
ADAMTS12 Has proteolytic activity
BMF Activates apoptosis
FLNC Filamin proteins that anchor membrane bound protein to actin
MGST1 Conjugates electrophilic compounds like chemotherapeutic agents to glutathione

Table 6A. Functional description of genes downregulated in UM-
UC-3 3D xenografts
Gene abbreviation Function
MAR2 Imprinted retrotransposon that is paternally expressed
CGB5 and CGB8 Member of the glycoprotein hormone beta chain family
EPAS1 Hypoxia inducible factor 2-alpha
PAPPA Metalloproteinase

3D xenografts included drug 
efflux genes and an apoptotic 
regulator, BMF (Table 5). In 
UM-UC-3, we observed the 
least number of gene altera-
tions with upregulation of cell 
adhesion and downregulation 
of members of glycoprotein 
hormone family, hypoxia-in- 
ducible factor 2, and a metal-
loprotease, PAPPA (Table 6A 
and 6B). Additionally, there 
were 7 and 2 genes common-
ly upregulated between UM- 
UC-3 and HT1376/T24 3D 
xenografts, respectively (Fig- 
ure 3A; Tables 1, 7A and 7B). 

Table 6B. Functional description of genes upregulated in UM-UC-3 
3D xenografts
Gene abbreviation Function
DOCK4 Regulates inter-cell adherens junctions
FEZ1 Essential for normal axonal bundling and elongation 
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using previously established signatures [15-
18]. Basal-like gene signatures were upregu-
lated in both UM-UC-3 2D cells and 3D xeno-
grafts (Figure 4). HT1376 2D cells showed up- 
regulation of luminal-like gene signature where-
as HT1376 3D xenografts presented with both 
basal and luminal-like gene expression (Figure 
4). The differences in HT1376 2D cells and 3D 
xenografts were not significant and therefore 
were not included in the previous comparisons 
of 2D cells and 3D xenografts. Both T24 2D 
cells and 3D xenografts exhibited gene signa-

tures from basal and luminal-like subtypes of 
urothelial carcinoma (Figure 4). We further ana-
lyzed the p53 mRNA levels in all the models. 
HT1376 and UM-UC-3 models showed increa- 
sed levels of p53 mRNA in contrast to T24 mod-
els that had low levels of p53 mRNA (Figure 4). 
HT1376 and UM-UC-3 harbor missense muta-
tions in p53 whereas T24 has a nonsense mu- 
tation in p53 [19]. Overall, these results sug-
gest that UM-UC-3 cells closely resemble the 
basal-like subtype whereas HT1376 and T24 
have mixed basal and luminal signatures. 

Table 7A. Functional description of genes commonly upregulated in HT1376 and T24 3D xenografts
Gene abbreviation Function
FAT2 Tumor suppressor that controls cell proliferation during Drosophila development
HCAR2 Nicotinic acid receptor 
IFI44L Interferon induced protein
KRT17 Type I intermediate chain keratin
KRT5 Type II cytokeratin
MMP10 Breaks down extracellular matrix
TNC Allows actin-myosin interaction to form tension

Figure 3. HT1376 subcutaneous tumors have the largest number of gene expression alterations in 3D xenografts 
compared to T24 and UM-UC-3 tumors. A. The Venn diagram represents the number of genes altered between 2D 
cells vs. 3D xenograft models as well as between different bladder cancer lines. The numbers on top represent 
upregulated genes, and the numbers on the bottom represent downregulated genes in 3D xenografts that are com-
mon and distinct between cell lines. B. The gears represent the pathways that are altered in HT1376 3D xenografts 
compared to HT1376 2D cells. Orange color indicates downregulated pathways/gene function and blue color indi-
cates upregulated pathways/gene function. 

Table 7B. Functional description of genes commonly upregulated in HT1376, T24 and UM-UC-3 3D 
xenografts
Gene abbreviation Function
H19 Long non-coding RNA located in an imprinted region of chromosome 11 and maternally expressed 
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Discussion

Our studies show that bladder cancer cells do 
not undergo dramatic transcriptomic altera-
tions to adapt to and grow in the host microen-
vironment as 3D xenografts in nude mice. This 
suggests that HT1376, T24 and UM-UC-3 mus-
cle-invasive bladder cancer cell lines and their 
derived xenografts are similar pre-clinical mod-
els in regards to gene expression alterations 
associated with their 2D and 3D growth. This is 
in line with a previous study that showed muta-
tions and gene expression patterns are similar 
in two bladder tumors, their matching patient-
derived xenografts grown in SCID mice and 
their derived cell lines [20]. Our study and  
the patient-derived xenograft study [20] used 
immune-compromised mice to allow human-
derived cells to grow as 3D tumors. However, it 
is important to note that the presence of an 
immune system might alter the growth and 
adaptation process [21, 22]. To understand the 
impact of an intact immune system on gene 
expression in the 2D to 3D transition future 
studies should consider utilizing humanized 
mice. However, we suggest that for developing 
and testing targeted therapies 2D cells and 
their 3D xenografts in nude mice are relevant 
preclinical models. Although we did not observe 
profound alterations in gene expression, there 
are other barriers in using these models for 
pre-clinical studies such as the ability of the 

drug to reach the tumor. This hypothesis sug-
gests that the use of subcutaneous xenografts 
in immune compromised mice may be limited 
to test the efficacy of therapeutic agents to 
reach its target. Meanwhile, humanized mice 
with an intact immune system can be used to 
test agents acting on the immune system for 
example checkpoint based inhibitors like PD-1 
targeted therapies. These considerations are 
limited to our observations in subcutaneous 
xenograft models. It might also be worthwhile 
to develop orthotopic models and models of 
metastatic disease from these cell lines, and 
compare their transcriptomic profiles to the 
parental lines. This will help in selecting appro-
priate cell lines, xenografts as well as murine 
backgrounds to study novel therapeutics and 
develop new treatment approaches.

Our studies also show that the UM-UC-3 cell 
line closely resembles the basal-like molecular 
subtype of bladder cancer [15, 16, 18]. Basal-
like urothelial tumors are more sensitive to cis-
platin-based chemotherapy [15], and UM-UC-3 
cells in 2D culture has previously been shown 
to be cisplatin sensitive [12]. UM-UC-3 xeno-
grafts also took the lowest average time to 
reach 1000 mm3 and presented with the least 
transcriptomic alterations from 2D culture to 
3D xenografts. This suggests that UM-UC-3 
cells present with more aggressive phenotype 
in xenografts. The previously established cis- 

Figure 4. Basal and luminal-like gene signatures observed in HT1376, T24 and UM-UC-3 2D cells as well as 3D 
xenografts. Differentially expressed genes from previously identified basal and luminal-like subtype of urothelial 
carcinoma were used to classify the three cell lines as well as cell line-derived xenografts. UM-UC-3 2D and 3D 
had predominantly a basal-like signature whereas HT1376 and T24 had mixed basal and luminal gene signatures. 
Expression levels were scaled and centered across all samples for plotting.
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platin sensitivity data [12] and the fact that 
patients with basal-like molecular subtypes 
have aggressively growing disease [16, 23] 
supports the adequate approach to the molec-
ular subtyping of 2D cells and 3D xenografts in 
our study. HT1376 cells in 2D culture have 
stronger luminal-like gene signatures however 
the derived xenografts, as well as T24 models, 
resemble both the basal and luminal-like sub-
type. All three cell lines lack functional p53 pro-
tein due to nonsense and missense mutations 
[24]. Therefore, it is unlikely that they belong to 
the p53-like molecular subtype of bladder can-
cer that has an activated p53 pathway [16, 18]. 
Recent developments in analyzing the molecu-
lar subtypes of bladder cancer identify addi-
tional genetic alterations enriched in the three 
subtypes [25]. For example: basal-like MIBC 
tumors are enriched in Rb1 and NFE2L2 muta-
tions whereas luminal-like MIBC tumors are 
enriched in FGFR3 mutations [25]. Molecular 
classifications of bladder tumors are still evolv-
ing and seem to at least predict sensitivity  
to neoadjuvant cisplatin-based chemotherapy 
[12, 15, 16, 25]. Simultaneously, it is important 
to characterize pre-clinical models including  
2D cell culture and 3D xenografts to adequate-
ly represent clinical samples along with the 
molecular subtypes. This will ensure that there 
exist appropriate models for drug development 
and therapeutic studies that will potentially 
have higher chances of success in clinical tri-
als. Our current study shows that 2D culture 
and 3D xenografts are not associated with radi-
cal gene expression changes in three bladder 
cancer cell lines and can be used for functional 
studies and pharmacokinetic profiling, respec-
tively, of novel therapeutic agents. In addition, 
UM-UC-3 2D culture and 3D xenografts repre-
sent the basal-like molecular subtype of MIBC 
and therefore can be used to further under-
stand underlying mechanisms of therapy res- 
ponse and/or resistance specific to basal-like 
tumors.
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