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Suitability of ultrasound-guided
fine-needle aspiration biopsy for
transcriptome sequencing of the
canine prostate
H. Thiemeyer 1,2, L. Taher3, J. T. Schille1,2, L. Harder1, S. O. Hungerbuehler1, R. Mischke1,
M. Hewicker-Trautwein4, Z. Kiełbowicz5, B. Brenig6, E. Schütz7, J. Beck7, H. Murua Escobar1,2
& I. Nolte1
Ultrasound-guided fine-needle aspiration (US-FNA) biopsy is a widely used minimally invasive sampling
procedure for cytological diagnosis. This study investigates the feasibility of using US-FNA samples
for both cytological diagnosis and whole transcriptome RNA-sequencing analysis (RNA-Seq), with
the ultimate aim of improving canine prostate cancer management. The feasibility of the US-FNA
procedure was evaluated intra vitam on 43 dogs. Additionally, aspirates from 31 euthanised dogs
were collected for standardising the procedure. Each aspirate was separated into two subsamples: for
cytology and RNA extraction. Additional prostate tissue samples served as control for RNA quantity and
quality evaluation, and differential expression analysis. The US-FNA sampling procedure was feasible
in 95% of dogs. RNA isolation of US-FNA samples was successfully performed using phenol-chloroform
extraction. The extracted RNA of 56% of a subset of US-FNA samples met the quality requirements for
RNA-Seq. Expression analysis revealed that only 153 genes were exclusively differentially expressed
between non-malignant US-FNAs and tissues. Moreover, only 36 differentially expressed genes were
associated with the US-FNA sampling technique and unrelated to the diagnosis. Furthermore, the gene
expression profiles clearly distinguished between non-malignant and malignant samples. This proves
US-FNA to be useful for molecular profiling.
Numerous diagnostic approaches for canine prostate diseases have been developed in the last few decades, substantially improving the detection of benign conditions1–3. However, there is still a lack of information on the
molecular mechanisms underlying canine prostate diseases, which is especially relevant to the early diagnosis and
management of canine prostatic tumours4. Dogs with prostate cancer (PCa) are often diagnosed at an advanced
stage, which is associated with poor prognosis and limited therapeutic options4,5. Although the reported prevalence of prostate malignancies is low (0.2–0.6%)6,7, the incidence is likely to be underestimated due to the absence
of reliable biomarkers and the lack of biopsies on asymptomatic dogs4. In addition, aside from humans, dogs
are the only non-human species to naturally develop PCa sharing many clinical properties4,8 and will often have
metastases9,10, similar to men8,11. This highlights the importance of characterising the transcriptomic landscape
of canine PCa. Next-generation sequencing (NGS) of RNA (RNA-Seq) has enabled comprehensive insights
into cancer-relevant mechanisms12,13 and is a well-established method for differentiating between neoplastic
diseases14. Compared to conventional “gene by gene” approaches, RNA-Seq has several advantages: it is fast,
cost-efficient and provides simultaneous information on several thousands of genes13. There is little doubt that
RNA-Seq has the potential of becoming a routine diagnostic tool – at least in human medicine15. And even if the
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Figure 1. Study design. Flow chart of study workflow and sample selection. Ultrasound-guided fine-needle
aspiration (US-FNA) and post mortem fine-needle aspiration (PM-FNA) samples used for evaluation of the
feasibility of the procedure are highlighted in grey. On the basis of diagnosis, RNA quantity and quality, a subset
of US-FNA and prostate tissue samples was used for RNA-Seq (blue).

cost and complexity of the analysis may prevent this in veterinary practice in the immediate future16,17, RNA-Seq
data already serve as a solid basis for fostering new diagnostic and therapeutic approaches13,16. Indeed, RNA-Seq
has already been utilised in dogs to address clinical issues in different organs18–22. And while no genome-wide
transcriptome analysis have been conducted for canine PCa, there is a growing body of information on the transcriptomic landscape of human PCa23–26. NGS allows the analysis of the transcriptome from minimal amounts of
sampling material27. This is of special interest in clinical routine diagnostics, where representative sample material
from tumours or organs must be obtained intra vitam. Meeting the requirements of a minimal invasive sampling procedure2, aspirates collected by ultrasound-guided fine-needle aspiration (US-FNA) biopsy are regularly
employed in the cytological diagnosis of canine prostate diseases28 and other diagnostic approaches, such as flow
cytometric phenotyping29. In this context, ultrasonographic parameters such as prostate size and differences in
echogenicity within the parenchyma are used to identify lesions3 and guide the fine-needle to aspirate cells from
representative areas30. The cells targeted and collected by the US-FNA procedure normally undergo cytological
diagnosis28, but are also viable for molecular profiling31,32.
The aim of the present study was to determine the suitability of aspirates derived from canine prostate
US-FNA for molecular diagnostic. In pursuing this aim, the following questions were investigated: (a) the technical feasibility of the canine prostate US-FNA procedure as a sampling tool for cytological diagnosis and laboratory workflow; (b) the quantity and quality of the RNA isolated from US-FNA subsamples; (c) the impact of
methodological contamination (e.g., with blood) in US-FNA aspirates on the transcriptome analysis; and (d) the
similarities and differences in the molecular profiles of malignant and non-malignant US-FNA samples compared
to those of prostate tissue samples.

Results

Feasibility of fine-needle aspiration. First, the post mortem FNA (PM-FNA) training set (see Fig. 1 and
Materials and Methods) was used to establish the sampling strategy. The procedure was simple to perform, except
for restricted needle movement within the small and solid prostate of six castrated dogs with no evidence of prostate disease. Next, the feasibility of the sampling strategy was evaluated intra vitam, using ultrasound imaging to
guide the needle to the area of concern (US-FNA, see Fig. 1). The 43 dogs subjected to the US-FNA procedure
(see Table 1 and Materials and Methods) had a median age of 7.8 years and a mean body weight of 29.3 kg (range
6.5 to 75.0 kg). Their ultrasonographic examination identified 33 as non-malignant and ten as suspicious for
canine PCa. Forty-one dogs (95%) underwent the US-FNA procedure without sedation; the US-FNA procedure
was unable to be carried out for one American Pit Bull Terrier due to defensive movement and one Alsatian
dog due to anxious behaviour (see Table 1). Sedation was not performed, the US-FNA sampling procedure was
discontinued, and these two dogs were excluded from further analysis. Out of the 41 dogs, four (10%) showed
complications after undergoing the US-FNA procedure. Two dogs showed transient haematuria for one day and
one dog had symptoms of stranguria for two days. One dog with massive hyperplastic changes of the prostate
showed moderate bleeding after the US-FNA procedure; resulting haematoma was no longer detectable in the
follow-up ultrasound 16 days later.
Aspirates were divided into two subsamples: one for preparing cytological smears and one isolating RNA (see
Fig. 1). For 29 out of the 41 dogs that underwent the US-FNA procedure (71%), a single aspirate was sufficient for
both preparing a diagnostic cytological smear and isolating RNA. For the remaining 12 dogs (29%), the US-FNA
procedure had to be repeated to provide adequate amounts of material (see Table 2).
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Intra vitam
Dogs
Sample details

Post mortem

male intact

neutered

male intact

neutered

Total

37

6

27

14

84
31

35

6 + 1**

1*

1*

20

9

Prostate tissue

1*

1*

27

14

No sample

2

Normal/ hyperplastic

28

Prostate carcinoma

1

Suspicious as carcinoma

Histopathology

RNA quality
RNA-Seq

3

6

13

2

2

1

1
3

Atrophy

RNA quantity

48

20
3

Metastasis
Inflammation

43
2

Cytology

Diagnosis

41 + 1**

US-FNA
PM-FNA

3

1

7

1

5

6
5

Non-diagnostic sample

3

US-FNA

42

2

PM-FNA

2

29

31

Tissue

2

41

43

Non-malignant

12

9

21

Malignant

4

9

13

Non-malignant

5

9

14

Malignant

2

9

11

42

Table 1. Study Overview. Sample details, including the number of male dogs used for post mortem fine-needle
aspiration (PM-FNA) and intra vitam ultrasound-guided fine-needle aspiration (US-FNA) procedure as well as
prostate tissue samples. Additionally, number of dogs with histopathological or cytological diagnosis, number of
samples used to determine the RNA quantity, RNA quality and RNA-sequencing (RNA-Seq). *Dogs euthanised
due to prostate carcinoma; additional PM-FNA and matching prostate tissue sample. **Additional US-FNA
sample from one euthanised dog.

Cytology and histopathology.

The cellularity of the cytological smears collected intra vitam by the
US-FNA procedure was sufficient for the cytological diagnosis of 36 of the 41 dogs (88%, see Table 2). The cytological smears were diagnosed as normal to hyperplastic (n = 28, 68%), inflammation (n = 3, 7%) or malignant
(n = 4; 10%) (Table 1). One cytological smear showed sporadic criteria of malignancy and was consequently categorised as suspicious for prostate carcinoma. For the remaining five dogs (two neutered and three intact dogs),
the cytological smears were non-diagnostic. The quality of the cytological smears was lowered by the presence of
necrotic cells in one sample and blood contamination in ten samples (24%). The cytological diagnosis of two dogs
was confirmed by histopathology after euthanasia due to an advanced stage of prostate carcinoma (see Table 1).
In addition to the samples collected by the US-FNA procedure, a set of prostate tissue samples was collected
from 41 euthanised dogs (see Materials and Methods) and histopathologically diagnosed as normal to hyperplastic (n = 20, 49%), inflammation (n = 4, 10%), prostatic atrophy (n = 6, 15%), prostate carcinoma (n = 9, 22%) or
metastasis (n = 2, 5%) from a transitional cell carcinoma of the urinary bladder or lymphoma (see Table 1).

RNA quantity.

RNA quantity was evaluated on 42 US-FNA samples from 41 dogs, 31 PM-FNA aspirates
from 31 dogs, and 43 tissue samples from 43 dogs (see Table 1).
For two US-FNA samples, RNA isolation was attempted using column-based extraction (see Materials
and Methods) but failed due to the presence of clotted blood. Semi-quantitative macroscopic evaluation of the
remaining 40 US-FNA samples (see Materials and Methods) revealed that 65% showed moderate to strong blood
contamination, 28% had weak to nearly invisible blood additions and 8% exhibited no signs of blood contamination. For this reason, RNA isolation from these samples was performed using the phenol-chloroform extraction
method, which performed well in all but one US-FNA sample, resulting in a mean of 70.8 ng/µl of total RNA
(range: 2.3 ng/µl to 601.1 ng/µl, see Table 2 and Fig. 2). For comparison, RNA quantification on the PM-FNA
training set yielded values of the same order of magnitude. Specifically, total RNA was quantifiable in 29 out of 31
PM-FNA samples, with a mean of 37.2 ng/µl of total RNA (range: 3.4 ng/µl to 100.0 ng/µl, see Fig. 2), which was
not significantly different from that observed for US-FNA samples.
As expected given the amount of starting material involved (10–20 mg, see Materials and Methods), RNA
isolation from tissue resulted in a mean of 789.0 ng/µl of total RNA (range: 16.7 to 2,307.8 ng/µl), which was significantly higher (p < 0.05) than those obtained for the US-FNA samples and PM-FNA training set (see Fig. 2).
Furthermore, the neutering state of the dogs had an effect on the RNA quantity of non-malignant tissues (see
Fig. 3). Indeed, non-malignant tissue from neutered dogs had a significantly lower (p < 0.05) mean compared to
that from intact dogs (means 162.1 ng/µl and 897.5 ng/µl, respectively). No significant differences were observed
between malignant tissue from neutered dogs and malignant tissue from intact dogs.
In total, 93% of US-FNA, 94% of PM-FNA and 100% of tissue samples met the quantity requirements for
RNA-Seq (see Materials and Methods).

Scientific Reports |

(2019) 9:13216 | https://doi.org/10.1038/s41598-019-49271-1

3

www.nature.com/scientificreports

www.nature.com/scientificreports/

Dog ID
1*
2**
3

Sample
ID

Reproductive
status

Number of USFNA procedures

Cellularity of
smears

Diagnosis

US-1

m

1

S

PCa

US-2
US-3
US-4

n

3

S

PCa

n

1

S

PCa

Blood
Scoring

RNA
(ng/µl)

RIN

RNASeq

—

N/A

—

—

—

N/A

—

—

4

59

N/A

y

2

44.1

6.9

y

4

US-5

m

1

S

nm

0

2.3

—

—

5

US-6

n

2

S

PCa

1

9.1

N/A

—

6

US-7

m

2

S

nm

3

35.6

6.2

y

7

US-8

m

3

S

nm

4

37.5

—

—

8

US-9

m

2

S

nm

4

91

—

—

9

US-10

n

2

S

PCa

3

21.7

1.9

—

10

US-11

m

1

S

nm

3

33.2

—

—

11

US-12

m

1

S

nm

4

85

—

—

12

US-13

m

1

S

nm

2

90

6

y

13

US-14

m

1

S

nm

3

54

—

—

14

US-15

m

3

S

nm

4

61

6.1

y

15

US-16

m

1

S

nm

3

74

5.7

—

16

US-17

m

1

Nd

N/A

3

69

—

—

17

US-18

m

1

S

nm

2

66

—

—

18

US-19

m

2

S

nm

3

20.9

—

—

19

US-20

m

2

S

nm

3

41.1

—

—

20

US-21

m

1

S

nm

2

11.2

1

—

21

US-22

m

2

S

nm

2

8.2

—

—

22

US-23

m

1

Nd

N/A

3

18.7

—

—

23

US-24

m

1

S

nm

0

26.6

—

—

24

US-25

m

1

S

nm

3

54

—

—

25

US-26

m

1

S

nm

2

30.1

4.2

—

26

US-27

m

1

S

nm

3

56

—

—

27

US-28

m

1

S

nm

4

47.8

N/A

—

28

US-29

m

1

S

nm

2

30

—

—

29

US-30

m

1

S

nm

3

72

—

—

30

US-31

m

1

Nd

N/A

0

N/A

—

—

31

US-32

m

1

S

nm

3

60

6.7

y

32

US-33

n

1

Nd

N/A

2

11.3

1.5

—

33

US-34

m

1

S

nm

2

51

—

—

34

US-35

m

1

S

nm

2

68

—

—

35

US-36

m

1

S

nm

3

378.6

—

—

36

US-37

m

1

S

nm

3

48

—

—

37

US-38

m

1

S

nm

3

24

3.2

—

38

US-39

m

1

S

nm

3

99

5.7

—

39

US-40

m

2

S

nm

4

601.1

7.2

y

40

US-41

n

1

Nd

N/A

3

98

—

—

41

US-42

m

3

S

nm

3

72

—

—

42***

N/A

m

—

—

—

—

—

—

—

43***

N/A

m

—

—

—

—

—

—

—

Table 2. Samples collected by ultrasound-guided fine-needle aspiration (US-FNA). Sample details, including:
identification number (ID) of the dogs and the corresponding sample ID; reproductive status, male (m) and
neutered (n); cytological smears, sufficient (S) and non-diagnostic (Nd); diagnosis, prostate carcinoma (PCa)
and non-malignant (nm); semi-quantitative scoring of blood contamination as follows: 0 = no, 1 = minimal,
2 = weak, 3 = moderate, 4 = strong blood contamination; RNA quantity; RNA integrity number (RIN);
and samples used for RNA-Seq. *Dog euthanised due to prostate carcinoma enabled additional sampling
opportunity. **Dog euthanised due to prostate carcinoma enabled additional sampling including one additional
ultrasound-guided fine-needle aspiration. ***US-FNA procedure was omitted. N/A, not available. y, US-FNA
samples selected for RNA-Seq.

RNA quality. Based on clinical data, histopathological and cytological diagnosis (see Fig. 1), 16 US-FNA
(12 non-malignant and four malignant) and 18 tissue (nine non-malignant and nine malignant) samples were
selected for evaluation of RNA quality.
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Figure 2. RNA quantity and quality in different sample types. Details on RNA quantity are shown in (a,b)
including the standard deviation (SD). Data on RNA integrity number (RIN) are present in (c,d) including the
SD. The normal distribution (ND) was calculated by the Shapiro-Wilk test. The boxes (a,c) enclose samples
within the 25th to the 75th percentiles. The lowest and largest values are visualised using bars. The horizontal
line represents the median.

Figure 3. RNA quantity in non-malignant and malignant prostate tissue samples from intact and neutered
male dogs. The asterisk indicates a significant difference (p < 0.05) between male intact and neutered dogs
in non-malignant prostate tissue samples. The boxes enclose the 25th to the 75th percentiles. The lowest and
largest values are visualised using bars. The horizontal line represents the median.
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Figure 4. Venn diagram of differentially expressed genes (DEGs) in different sample types relative to control.
The venn diagram visualises similarities and differences of DEGs in non-malignant ultrasound-guided fineneedle aspiration (US-FNA) (green), malignant US-FNA (grey) and malignant prostate tissue (blue) sample
groups compared with non-malignant prostate tissue samples control. A total of 3,587 genes were consistently
differentially expressed in non-malignant US-FNA, malignant prostate tissue or malignant US-FNA samples.

The RNA integrity numbers (RIN) were more consistent for tissue samples (5.6 to 9.2, see Fig. 2) than for
US-FNA samples (1.0 to 7.2). In total, nine (56%) US-FNA samples met the quality requirements for RNA-Seq
(RIN ≥ 5.5, see Materials and Methods and Table 2). Of these, one malignant sample had no detectable RIN value,
but an acceptable electropherogram and was therefore used for further analysis. Among samples discarded from
further analysis, five (three non-malignant and two malignant) showed low RNA quantities (<25 ng/µl). For
comparison, RIN values for tissue samples ranged from 5.6 to 7.6 (mean 6.6) for non-malignant samples and from
5.6 to 9.2 (mean 7.4) for malignant samples without significant difference.

Comparative molecular profiling of US-FNA and tissue samples.

Final sample selection was performed with focus on clinical diagnosis, RNA quantity and quality. A total of seven US-FNA and 18 tissue samples were used for RNA-Seq library preparation (see Fig. 1 and Table 1). Bioinformatics analysis of RNA-Seq
data revealed 3,587 differentially expressed genes (DEGs) when comparing non-malignant aspirates of US-FNA
(n = 5), malignant tissue (n = 9) and malignant US-FNA aspirates (n = 2) to the non-malignant tissue control
group (n = 9, see Fig. 4 and Materials and Methods).
Principal component analysis (PCA) performed on the expression values of the DEGs (see Fig. 5) indicated
that most (61.1%) of the variance of the data could be attributed to the diagnosis (non-malignant vs. malignant
samples, see PC1 in Fig. 5). Thus, normal to hyperplastic US-FNA and tissue samples were grouped together and
separated from malignant US-FNA and tissue samples. In contrast, differences between the sampling procedures
contributed only 11.3% to the total variance of the data (see PC2 in Fig. 5).
Moreover, hierarchical clustering of the fold-changes of the expression values of the DEGs relative to the
control group confirmed this result, revealing a largely common molecular profile between malignant US-FNA
and malignant tissue samples (see Fig. 6). Specifically, 1,062 genes (30% of the DEGs) were jointly differentially
expressed in both malignant US-FNA and malignant tissue samples (see Fig. 4). Most of these genes (612, 58%)
were up-regulated. Up-regulated genes included MYC proto-oncogene (MYC), catenin beta 1 (CTNNB1), prostate
transmembrane protein, androgen induced 1 (PMEPA1), proliferating cell nuclear antigen (PCNA) and marker
of proliferation Ki-67 (MKI67). The remaining 450 (42%) down-regulated genes included kallikrein-related
peptidase 2 (KLK2), kallikrein-related peptidase 4 (KLK4), NKX3 homeobox 1 (NKX3-1) and acid phosphatase
prostate (ACPP). These have been reported as genes with potential diagnostic value in the literature33–36 and their
consistent expression in US-FNA and tissue samples supports the use of US-FNA samples for transcriptomic
profiling. In addition, only 36 genes (1% of the DEGs) were associated with both non-malignant and malignant
aspirates of US-FNAs (see Fig. 4) and not in any way with the diagnoses, and, hence, could be considered as
FNA-specific. Of these genes, nine were up-regulated and 27 were down-regulated relative to the control group.
Pathway enrichment analysis performed on the 36 DEGs identified significantly overrepresented pathways in
up-regulated genes. Four of these genes were involved in pathways associated with blood: Malaria and African
trypanosomiasis pathway. Manual annotation (see Materials and Methods) of up-regulated genes identified a
total of five globin genes: ENSCAFG00000029904 and ENSCAFG00000032615 as an orthologue of haemoglobin
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Figure 5. Principal component analysis (PCA-plot) of differentially expressed genes (DEGs). PCA-plot displays
summarised data of 3,587 DEGs in 18 prostate tissues (triangle) and seven US-FNA (circle) samples. In general,
variances between samples on the x-axis (principal component 1, PC1) separated the data the most (61.1%) and
are associated with diagnosis: non-malignant (green) and malignant (blue) samples. Variances on y-axis were
lower with 11.3% (principal component 2, PC2) and related to different sampling techniques.

alpha 1 (HBA1) and 2 (HBA2), ENSCAFG00000029518 and ENSCAFG00000030286 as an orthologue of haemoglobin subunit delta (HBD) and haemoglobin beta (HBB) and ENSCAFG00000029224 as haemoglobin subunit
mu. Therefore, molecular profiling of sampling-associated differences appears to reflect blood contamination in
US-FNA samples.

Discussion

Canine prostate diseases are currently unsatisfactorily characterised at molecular level, hampering early detection strategies4. Having the opportunity to further use samples collected for routine diagnostic for molecular
profiling is paramount to improve our molecular understanding of diseases16. An ideal biopsy procedure should
be minimally invasive and allow rapid sampling and comprehensive clinical diagnostics, including molecular
and cellular marker analysis14,27. In general, the FNA procedure has been shown to meet these requirements37.
In particular, the present study confirms that FNA samples are a reliable sampling tool for both cytological and
molecular diagnosis.
In human oncological medicine, different types of biopsies – including FNA – have been comparatively
assessed as samples for NGS applications aimed at optimising the management of patients based on their molecular profiles38. In order to address the aggressiveness of human PCa using the Gleason Score, the FNA procedure
has been largely replaced in routine diagnostic by multiple core needle biopsies39. Nevertheless, aspirates collected
by FNA are acknowledged as samples with molecular diagnostic potential38,40–43. In dogs, the collection of canine
prostate samples is challenging due to the anatomical localisation of the prostate gland44. Although histopathological biopsy is described as the gold standard for diagnosis of canine prostate diseases2,44 and a histopathological
standard terminology is available45, the collection of tissue samples has several disadvantages, such as the need
for general anaesthesia and the relatively high complication rates46. A practicable minimally invasive sampling
procedure would be preferable both veterinary research and, especially, in clinical routine16. Based on the current
state of knowledge, this is the first study to evaluate the feasibility of using samples of the canine prostate obtained
intra vitam by US-FNA with 22-gauge needles for both cytological diagnosis and RNA-Seq.
In agreement with the literature2,28, the US-FNA procedure was well tolerated by 95% of the dogs in the study
without the need of general anaesthesia. Complications associated with the US-FNA procedure were transient
and mild and in concordance with previous studies2,47. The US-FNA procedure proved more challenging in neutered healthy dogs due to the dense and firm prostate tissue structure48 caused by androgen deprivation45,49 and
resulted in generally low quantities of RNA. Nonetheless, the US-FNA procedure yielded adequate quantities of
RNA in the case of neutered dogs with PCa, which typically exhibit disease-related changes of the prostate. This
is particularly important since neutered dogs have an increased risk to develop canine PCa50. These findings indicate that the US-FNA procedure is feasible in diagnostic routine.
In this study, US-FNA samples were split into two subsamples to address conventional and molecular diagnostic questions. An adequate cellularity is crucial for cytology and RNA extraction. The strategy of splitting the
aspirates into subsamples generally decreases the cellularity. Varying cellularity can be additionally explained by
the non-standardisable conditions during collection and subsampling in the clinical routine. The cellularity of
aspirates has been previously analysed in different tumour samples and shown to be affected by the application
of suction, the number of needle passes and cell exfoliation51. In the present study, 88% of the cytological smears
exhibited sufficient cellularity for cytological diagnosis. This was similar to the fraction of the subsamples that
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ENSCAFG00000006237 (ACPP)
ENSCAFG00000009107 (NKX3-1)
ENSCAFG00000002907 (KLK2)
ENSCAFG00000002905 (KLK4)

0

−5

ENSCAFG00000013255 (MKI67)

ENSCAFG00000006030 (PCNA)

ENSCAFG00000005204 (CTNNB1)
ENSCAFG00000031382 (PMEPA1)

ENSCAFG00000001086 (MYC)

Malignant prostate tissue

Malignant US-FNA

Non-malignant US-FNA

Figure 6. Heatmap of differentially expressed genes (DEGs) in different sample types compared with nonmalignant prostate tissue samples. The heatmap and column dendrogram were used to visualise the variances
in DEGs across the sample groups based on the average of logarithmic scale base two (log2) fold change. The
log2 fold change is displayed on the right side, varying from −11.95 to 11.96. On the right side, Ensembl ID and
official gene names show cancer-related genes (e.g., MYC, MKI67) and genes that were linked to canine prostate
diseases (e.g., NKX3-1, KLK4, ACPP) in the heatmap.

met the requirements for RNA-Seq: 93% of US-FNA samples. In concordance with these results, previous studies
described the remaining aspirates as a viable source for advanced diagnostic procedures after the preparation of
cytological smears52,53. In general, the results of this study support the idea of using subsamples to bridge the gap
between clinical and molecular diagnosis.
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Cytological findings on the sample quality such as necrosis and blood contamination appear to provide
important information regarding the viability of molecular analysis. Large amounts of blood are known to influence the quality of cytological smears, hampering an adequate cytological diagnosis54. In fact, in a previous study,
the researchers opted for not using highly blood contaminated canine FNAs of different tumour entities for RNA
extraction51. In the present study, 65% of US-FNA samples had moderate to strong blood contaminations, probably related to the aspiration technique51 and the use of intravenous needles55. Processing and pipetting of contaminated US-FNA samples was challenging and might have led to a decrease in the number of cells. However,
US-FNA samples were successfully used for RNA purification by phenol-chloroform extraction. Based on the
results in this study, the use of column-based isolation should be avoided without any further lysis steps or reagents. Interestingly, and consistent with the macroscopic findings, five globin genes, which can be associated with
erythroid cells56, were more highly expressed in US-FNA samples compared with tissue samples. Therefore, blood
contamination was detectable at molecular level, thus indicating that RNA-Seq enables intra vitam sampling associated effects to be identified. Additionally, there was no evidence that 0.1% of DEGs identified as globin genes in
anyway impaired the actual diagnostic for gene expression profiling.
In general, RNA-Seq demands high-quality total RNA12,15,57. Of US-FNA samples, 56% met the requirements
of RNA-Seq. It has been shown before that RIN values of FNA samples are not always detectable51. For precise
assessment of RNA quality the Agilent RNA 600 Nano assay requires a minimum RNA concentration of 25 ng/µl58.
Of the US-FNA samples, 31% (n = 5) selected for quality control were below this threshold, which could explain
some of the poor RIN values. Furthermore, the RIN value and the corresponding electropherogram needs to
be evaluated. In addition, the nucleases and factors associated with the FNA procedure itself, such as the needle
length, can cause RNA degradation59. Moreover, this study evaluated the RNA integrity in non-malignant and
malignant canine prostate tissue samples with no evidence of a difference. Similar to the results of the present
study, one recent study on canine tumour FNA found no significant difference analysing the integrity of RNA
from readily exfoliative tumour and non-readily exfoliative tumour FNA. However, non-malignant samples were
not part of the above mentioned study51.
One previous investigation on human PCa emphasises the importance of biopsy based gene-expression studies and successfully used prostatectomy samples for molecular profiling and additional needle core biopsies for
identification of candidate genes60. To evaluate the molecular diagnostic potential of canine prostate US-FNA
subsamples for further gene expression studies, seven US-FNA samples were subjected to RNA-Seq and their
whole transcriptome profiles were compared to those of 18 prostate tissue samples. The main advantage in using
NGS is the possibility to comprehensively characterise the transcriptome, allowing rapid profiling of neoplastic
diseases for downstream diagnostics of therapeutic intervention13,16,61. The findings of the present study indicate
that the sampling procedure has a minor impact on the sample’s gene expression profile, since only 36 (1%) of
3,587 DEGs were specifically identified in all US-FNA samples relative to the non-malignant prostate tissue control. Differences on the gene expression level between US-FNA and tissue samples can be explained based on the
variability of the individual samples and the diagnosis. In particular, tumour heterogeneity has been described in
different cancer types17,62, including canine PCa63. To minimise these effects and ensure representative material
for RNA-Seq analysis as well as adequate diagnosis, the samples were collected under ultrasound guidance and
characterised by cytological examination. The molecular profiling of aspirates collected by FNA samples in dogs
has been previously performed and compared to matched tissue samples for lymph nodes using microarray technology31. Nevertheless, that study differs from the present one in that FNA samples were i) collected only from
euthanised dogs (post mortem), and ii) not separated into two subsamples for cytological and molecular analysis.
Overall, the authors described FNA samples as a reliable source for molecular profiling31, which agrees with the
results presented here. In this context, US-FNA transcriptomics becomes increasingly attractive as a diagnostic
tool. Indeed, malignant and non-malignant US-FNA samples were perfectly separable based on their molecular
profiles, matching the cytological diagnosis. In addition, genes that are well known to be deregulated in cancer
such as MYC, MKI67, ACPP, CTNNB1, KLK2, KLK4, PCNA, PMEPA1, NKX3-14,33,64–68 were also significantly
deregulated (and in the same direction) in US-FNA samples, confirming the similarity of US-FNA samples and
their prostate tissue counterparts. These genes and other genes with similar molecular profiles are interesting
from a diagnostic point of view. In particular, genes like MYC, MKI67, CTNNB1, PCNA, NKX3.1, ACPP and
kallikreins are warranted further investigation as diagnostic markers for cancer and cell proliferation. The combination of US-FNA and RNA-Seq opens up a wide array of possibilities in clinical diagnostics.
In conclusion, the data presented here underline the suitability of the US-FNA procedure as a sampling tool
for cytological and molecular diagnostic purposes. To optimise the laboratory workflow, details on cytological
examination may be helpful for identifying and processing adequate samples prior to sequencing. This study
highlights the strengths of US-FNA as a sampling tool for molecular profiling of the canine PCa. Validation
on a larger number of US-FNA samples is warranted to confirm these conclusions. Beyond the use of US-FNA
for whole transcriptome analysis, this study provides a solid basis for approaches such as targeted sequencing
or qPCR screening of single genes, opening new perspectives for biomarker discovery for early detection and
follow-up diagnosis and, eventually, for developing and establishing individualised therapeutic strategies.

Materials and Methods

Study design. This study referred to three different sampling types, including US-FNA, PM-FNA and pros-

tate tissue samples (see Fig. 1). Specifically, the term FNA is used for aspiration of a very small amount of tissue
or cells. Intra vitam aspirated cells, collected by US-FNA were referred to as US-FNA, while aspirates collected
by FNA after prostatectomy from euthanised dogs were referred to as PM-FNA training set (see Fig. 1). Aspirates
collected by US-FNA were diagnosed cytologically, while those collected by PM-FNA were used to standardise
the sampling procedure; both types of aspirates were used for evaluating RNA quantity; a number of aspirates
collected by US-FNA were checked on RNA quality and subjected to RNA-Seq (see Fig. 1). The US-FNA sampling
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procedure was performed prospectively between July 2014 and January 2016 at the Small Animal Clinic of the
University of Veterinary Medicine Hannover, Foundation (Germany) in accordance with the German Animal
Welfare Guidelines and approved by the Ethics Committee of the State of Lower Saxony, Germany (No. 14/1700).
The term prostate tissue sample is used for structurally and functionally organised cells with a preserved architecture. Prostate tissue samples were collected as matching tissue samples (n = 31) after the PM-FNA procedure
from euthanised dogs (see Fig. 1). The sample set was completed by 12 freshly frozen prostate tissue samples from
the local tissue bank obtained from between 2002 and 2016. Prostate tissue samples were generally used as control.
None of the dogs had been euthanised for the purpose of this study. All dog owners agreed to sample collection.
For a representative set of non-malignant and malignant samples, dogs with symptoms or medical history
suggesting a prostate disease were enrolled for clinical evaluation and US-FNA procedure, while euthanised dogs
with and without prostate diseases were used for post mortem sample collection. Overall, the sample set used in
this study comprised 42 US-FNA samples, 31 PM-FNA samples as training set and 43 prostate tissue samples
taken from 84 male dogs (see Table 1).

Standardisation of the sampling procedure using PM-FNA samples as training set.

A training
set of 31 PM-FNA samples was collected from euthanised dogs during necropsy after prostatectomy (see Fig. 1).
Each prostatectomy was performed under sterile conditions within a maximum of two hours after euthanasia. After prostatectomy, ex vivo aspiration of prostate cells was performed using a 22-gauge single-use-needle
(Terumo, Eschborn, Germany) attached to a 5 mL Luer syringe (Dispomed, Gelnhausen, Germany). The needle was inserted into prostate tissue and moved several times while aspirating. A fraction of the aspirated cells
were used to prepare a smear for cytological examination; the remaining cells were expelled to a 1.8 mL Nunc
CryoTube (Thermo Fisher Scientific, Nunc-A/S, Roskilde, Denmark). The needle was then rinsed with 50 to
100 µl sterile phosphate-buffered saline (PBS) for collecting the remaining aspirate in the CryoTube. Matched
prostate tissue samples were collected from macroscopically representative areas for molecular biological procedures and histopathological classification.
Samples collected for the purpose of molecular biological analysis were immediately snap frozen in liquid
nitrogen and stored at −80 °C.

Histopathology. For histopathological evaluation, prostate tissue samples were fixed in 10% neutral-buffered
formalin, embedded in paraffin and examined microscopically on haematoxylin and eosin stained section by a
certified pathologist.
Feasibility of intra vitam US-FNA sampling procedure.

To evaluate the feasibility of the PM-FNA
sampling procedure in clinical routine, a total of 43 dogs were examined intra vitam (see Table 1). All dogs underwent general examination. Transabdominal ultrasonography was performed in dorsal recumbency using a Logiq
7 GE Healthcare ultrasound system (General Electric Company, Waukesha, USA). Longitudinal and transverse
images of the prostate, urinary bladder, sub-lumbar lymph nodes and testes were evaluated. The US-FNA procedure of the prostate was performed using the previously described standard protocol for US-FNA of the canine
prostate69. Differences of parenchyma echogenicity3,30 were used for identification and collection of representative
samples. The US-FNA samples were processed as the above mentioned the PM-FNA sampling protocol. The
US-FNA procedure was repeated up to three times in cases where samples were suspicious of having inadequate
material. Processing of aspirated samples and long-term storage were performed in accordance with the PM-FNA
procedure.
Two dogs were euthanised due to an advanced stage of prostate carcinoma. In one of these dogs, the US-FNA
procedure was repeated immediately after euthanasia (see Table 2). For both dogs, additional PM-FNA and
matched prostate tissue samples were accessible during necropsy.

Cytology. Cytological smears were air dried and stained in accordance with Pappenheim standard operational procedures and examined within one hour by an experienced cytologist. Previous reports on prostate
cytology and general cytological categories28,70,71 were used to classify e.g. cluster of uniform cells as normal
to hyperplastic, inflammatory cells as indicator for inflammation and samples with cells presenting criteria of
malignancy as malignant. Cytological smears with fewer than ten cells in low power field using a 100-fold magnification were classified as non-diagnostic.
Isolation and quantification of total RNA from PM-FNA and US-FNA samples. Total RNA
from the PM-FNA training set (n = 31) was isolated in accordance with the manufacturer’s protocol of Qiagen
AllPrep DNA/RNA Micro Kit (Qiagen, Hilden, Germany). For lysis and homogenisation, Buffer RLT Plus and
QIAshredder spin column (Qiagen, Hilden, Germany) were used and purified RNA was eluted RNAse-free water.
For intra vitam collected US-FNA samples (n = 42), the method of RNA isolation was adjusted to
phenol-chloroform extraction (n = 40), since column-based isolation of total RNA from two US-FNA samples
failed due to clotted blood. A semi-quantitative scoring was used prior to RNA isolation to assess blood contamination in 40 US-FNA samples macroscopically: Score 0 was used for samples without macroscopically visible contaminations of blood; score 1 comprised samples with almost invisible contamination of blood; score
2 included light red coloured samples for weak but clearly visible blood contamination; score 3 included red
coloured samples, describing a moderate contamination and score 4 deep red samples indicating strong blood
contamination.
Phenol-chloroform extraction of RNA from remaining aspirates collected by US-FNA (n = 40) was performed
using QIAzol Lysis Reagent with Qiagen miRNeasy Micro Kit (Qiagen, Hilden, Germany) eluted RNase-free
water. RNA quantity of US-FNA and PM-FNA samples was determined using the Qubit RNA HS Assay Kit
(ThermoFisher Scientific, Waltham, USA) with Qubit 2.0 Fluorometer.
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RNA extraction from prostate tissue samples. For isolating total RNA from 10-20 mg prostate tissue
samples (n = 43), AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Hilden, Germany) was used in accordance
with the manufacturer’s protocol. Tissue samples were disrupted utilising Buffer RLT Plus and 5 mm stainless steel
beads by TissyeLyser II (Qiagen, Hilden, Germany). Total RNA was eluted in 30 µl RNase free-water and RNA
quantity was measured on a Take3TM Multi-Volume Plate by Synergy II multi-mode reader, evaluated by Gen5
Microplate Data Analysis Software (Biotek, Bad Friedrichshall, Germany).

®

™

™

Sample selection and evaluation of RNA quality. US-FNA and prostate tissue samples for RNA-Seq
were selected in accordance with multiple criteria. First, they were required to contain a minimum of 10 ng and
a maximum of 1 µg of total RNA. To ensure their comparability, the samples were further selected based on their
histopathological and cytological diagnosis (see Fig. 1) and non-malignant and malignant US-FNA aspirates and
prostate tissue samples were the subject of focus. The non-malignant sample group comprised normal to hyperplastic samples and included 12 US-FNA and nine prostate tissue samples. The malignant group included four
US-FNA and nine prostate tissue samples (see Table 2). The PM-FNA training set was excluded.
The RNA quality was measured using the RNA 6000 Nano LabChip on an Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, USA), based on the 18S to 28S ribosomal ratio provided as electropherogram. The
RIN value was determined with the Agilent 2100 Expert software and ranged from 1 (most degraded RNA) to
10 (most intact RNA). For samples with low RIN values, details in the electropherogram were used for further
evaluation of RNA degradation.
Statistical analysis of RNA quantity and quality. Statistical analysis of RNA quantity and quality was
performed using SAS Enterprise Guide 7.1 (SAS Institute Inc., Cary, North Carolina, USA). The Shapiro-Wilk
test was applied to confirm the normal distribution of the data. The influence of neutering and diagnosis on RNA
quantity in prostate tissue samples was evaluated with the two-sample t-test. Wilcoxon’s signed-rank test was used
to compare the differences between US-FNA aspirates and the PM-FNA training set. A two-sample t-test was performed to analyse differences of RIN-values between non-malignant and malignant tissue samples. Significance
level was defined as p < 0.05.
RNA-sequencing, mapping and differential expression analysis.

Samples with a RIN value ≥ 5.5
(US-FNA n = 7, prostate tissue n = 18) were then subjected to NGS library preparation (see Table 2) using the
NEBNext Ultra RNA preparation kit (New England Biolabs, Ipswich, USA). Single-read sequencing was conducted on an Illumina NextSeq500 with a read length of 75 bp (Illumina, San Diego, USA). Sequencing data have
been deposited in the Gene Expression Omnibus database (accession identifier GSE122916)72.
Raw sequencing reads were quality checked using FastQC73. Adaptors and low-quality bases were trimmed
using Trimmomatic (v0.3274) with the following parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:36. Trimmed reads were then mapped to the CanFam3.1 assembly of the dog genome using TopHat275
with default parameters and supplying the Ensembl GTF annotation (Ensembl release 85 76) through the -G
option. This resulted in an average of ~14 million pairs of mapped reads per sample.
Read counts for each protein-coding gene were calculated for each sample using the htseq-count tool of the
Python package HTSeq77 with default parameters. The sample groups: non-malignant US-FNA, malignant prostate tissue and malignant US-FNA were each independently tested against non-malignant prostate tissue (control) for differential expression with the R/Bioconductor package DESeq278. p-values were adjusted for multiple
testing using the false discovery rate (FDR). Genes with an FDR < 0.00001 in any of the three comparisons were
considered as DEGs.

Manual annotation of single genes. Nucleotide sequences of Ensembl gene IDs76 not associated with any

Official Gene Symbol were aligned for identifying sequence homologies based on Ensembl IDs using the online
BLAST (Basic Local Alignment Search Tool) interface provided by NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi 79,80).

Principal component analysis and hierarchical Clustering. DEGs were used to perform a PCA to
summarise and visualise variances across all samples. Specifically, PCA was performed on library size-normalised
regularised log-transformed expression values, which were computed using the rlogTransformation() function in
the R/Bioconductor DESeq2 package.
Fold-changes relative to non-malignant prostate tissue of DEGs were hierarchically clustered using complete
linkage and Euclidean distance (genes) or a Pearson correlation-based distance measure (samples). On basis of
fold-changes, a list of well-studied genes was used for further profiling of US-FNA in comparison with prostate
tissue samples.
Pathway analysis. DEGs identified exclusively in US-FNA samples were analysed on biological pathway.
This pathway analysis was performed with DAVID (Database for Annotation, Visualization and Integrated
Discovery Functional Annotation Tool81,82), using the 19,856 Ensembl IDs corresponding to all protein-coding
genes annotated in the dog genome (Ensembl release 8576) as background and a FDR ≤ 5% cut-off for significance.

References

1. Alonge, S., Melandri, M., Aiudi, G. & Lacalandra, G. M. Advances in prostatic diagnostics in dogs: The role of Canine Prostatic
Specific Esterase (CPSE) in the early diagnosis of prostatic disorders. Topics in companion animal medicine 33(4), 105–108 (2018).
2. Paclikova, K., Kohout, P. & Vlasin, M. Diagnostic possibilities in the management of canine prostatic disorders. Veterinarni
Medicina-Praha 51, 1 (2006).

Scientific Reports |

(2019) 9:13216 | https://doi.org/10.1038/s41598-019-49271-1

11

www.nature.com/scientificreports/

www.nature.com/scientificreports

3. Lévy, X., Niżański, W., Von Heimendahl, A. & Mimouni, P. Diagnosis of common prostatic conditions in dogs: an update.
Reproduction in domestic animals 49, 50–57 (2014).
4. Leroy, B. E. & Northrup, N. Prostate cancer in dogs: comparative and clinical aspects. Veterinary journal (London, England: 1997)
180, 149–162, https://doi.org/10.1016/j.tvjl.2008.07.012 (2009).
5. Johnston, S. D., Kamolpatana, K., Root-Kustritz, M. V. & Johnston, G. R. Prostatic disorders in the dog. Anim Reprod Sci 60–61,
405–415 (2000).
6. Krook, L. A statistical investigation of carcinoma in the dog. Acta Pathol Microbiol Scand 35, 407–422 (1954).
7. Bell, F., Klausner, J., Hayden, D., Feeney, D. & Johnston, S. Clinical and pathologic features of prostatic adenocarcinoma in sexually
intact and castrated dogs: 31 cases (1970–1987). Journal of the American Veterinary Medical Association 199, 1623–1630 (1991).
8. Sun, F., Báez-Díaz, C. & Sánchez-Margallo, F. M. Canine prostate models in preclinical studies of minimally invasive interventions:
part I, canine prostate anatomy and prostate cancer models. Translational andrology and urology 6, 538 (2017).
9. Simmons, J. K. et al. Canine prostate cancer cell line (Probasco) produces osteoblastic metastases in vivo. The Prostate 74, 1251–1265
(2014).
10. Cornell, K. K. et al. Clinical and pathologic aspects of spontaneous canine prostate carcinoma: a retrospective analysis of 76 cases.
The Prostate 45, 173–183 (2000).
11. Bubendorf, L. et al. Metastatic patterns of prostate cancer: an autopsy study of 1,589 patients. Human pathology 31, 578–583 (2000).
12. Luthra, R., Chen, H., Roy-Chowdhuri, S. & Singh, R. R. Next-generation sequencing in clinical molecular diagnostics of cancer:
advantages and challenges. Cancers 7, 2023–2036 (2015).
13. Reis-Filho, J. S. Next-generation sequencing. Breast Cancer Research 11, S12 (2009).
14. Kamps, R. et al. Next-generation sequencing in oncology: genetic diagnosis, risk prediction and cancer classification. International
journal of molecular sciences 18, 308 (2017).
15. Yadav, S. S., Li, J., Lavery, H. J., Yadav, K. K. & Tewari, A. K. Next-generation sequencing technology in prostate cancer diagnosis,
prognosis, and personalized treatment. Urologic Oncology: Seminars and Original Investigations 33, 267. e261–267. e213 (2015).
16. Klopfleisch, R. & Gruber, A. D. Transcriptome and proteome research in veterinary science: what is possible and what questions can
be asked? The Scientific World Journal 2012 (2012).
17. Pang, L. Y. & Argyle, D. J. Veterinary oncology: biology, big data and precision medicine. The Veterinary Journal 213, 38–45 (2016).
18. Chu, C. P. et al. RNA-seq of serial kidney biopsies obtained during progression of chronic kidney disease from dogs with X-linked
hereditary nephropathy. Scientific reports 7, 16776 (2017).
19. Friedenberg, S. G. et al. Use of RNA-seq to identify cardiac genes and gene pathways differentially expressed between dogs with and
without dilated cardiomyopathy. American journal of veterinary research 77, 693–699 (2016).
20. Mooney, M. et al. Comparative RNA-Seq and microarray analysis of gene expression changes in B-cell lymphomas of Canis
familiaris. PloS one 8, e61088 (2013).
21. Maeda, S. et al. Comprehensive gene expression analysis of canine invasive urothelial bladder carcinoma by RNA-Seq. BMC cancer
18, 472 (2018).
22. Taher, L. et al. Comparative High-Resolution Transcriptome Sequencing of Lymphoma Cell Lines and de novo Lymphomas Reveals
Cell-Line-Specific Pathway Dysregulation. Scientific reports 8, 6279 (2018).
23. Salami, S. S. et al. Transcriptomic heterogeneity in multifocal prostate cancer. JCI insight 3 (2018).
24. Zhai, W. et al. Transcriptome profiling of prostate tumor and matched normal samples by RNA-Seq. Eur Rev Med Pharmacol Sci 18,
1354–1360 (2014).
25. Myers, J. S., von Lersner, A. K., Robbins, C. J. & Sang, Q.-X. A. Differentially expressed genes and signature pathways of human
prostate cancer. PloS one 10, e0145322 (2015).
26. Rajan, P. et al. Next-generation sequencing of advanced prostate cancer treated with androgen-deprivation therapy. European
urology 66, 32–39 (2014).
27. Eikrem, Ø. et al. Fine needle aspirates of kidneys: a promising tool for RNA sequencing in native and transplanted kidneys. BMC
nephrology 19, 221 (2018).
28. Powe, J. R., Canfield, P. J. & Martin, P. A. Evaluation of the cytologic diagnosis of canine prostatic disorders. Veterinary clinical
pathology 33, 150–154 (2004).
29. Aresu, L. et al. Minimal residual disease detection by flow cytometry and PARR in lymph node, peripheral blood and bone marrow,
following treatment of dogs with diffuse large B-cell lymphoma. The Veterinary Journal 200, 318–324 (2014).
30. Rodak, O., Dzimira, S., Podolak, A., Płóciennik, M. & Niżański, W. Accuracy of ultrasonography and fine‐needle aspiration cytology
in the diagnosis of prostate diseases in dogs. Reproduction in Domestic Animals 53, 79–84 (2018).
31. Starkey, M. P. & Murphy, S. Using lymph node fine needle aspirates for gene expression profiling of canine lymphoma. Veterinary
and comparative oncology 8, 56–71, https://doi.org/10.1111/j.1476-5829.2009.00205.x (2010).
32. Clark, D. P. Seize the opportunity: underutilization of fine‐needle aspiration biopsy to inform targeted cancer therapy decisions.
Cancer Cytopathology: A Journal of the American Cancer Society 117, 289–297 (2009).
33. Fonseca-Alves, C. E., Kobayashi, P. E., Palmieri, C. & Laufer-Amorim, R. Investigation of c-KIT and Ki67 expression in normal,
preneoplastic and neoplastic canine prostate. BMC veterinary research 13, 380 (2017).
34. Fonseca‐Alves, C. E., Rodrigues, M. M., Moura, V. M., Rogatto, S. R. & Laufer‐Amorim, R. Alterations of C‐MYC, NKX3. 1, and
E‐cadherin expression in canine prostate carcinogenesis. Microscopy research and technique 76, 1250–1256 (2013).
35. Zhong, W. et al. Ki-67 and PCNA expression in prostate cancer and benign prostatic hyperplasia. Clinical & Investigative Medicine
31, 8–15 (2008).
36. Avgeris, M., Stravodimos, K. & Scorilas, A. Kallikrein‐related peptidase 4 gene (KLK4) in prostate tumors: Quantitative expression
analysis and evaluation of its clinical significance. The Prostate 71, 1780–1789 (2011).
37. Centeno, B. A. et al. Classification of human tumors using gene expression profiles obtained after microarray analysis of fine‐needle
aspiration biopsy samples. Cancer Cytopathology 105, 101–109 (2005).
38. Basik, M. et al. Biopsies: next-generation biospecimens for tailoring therapy. Nature reviews Clinical oncology 10, 437 (2013).
39. Mottet, N. et al. Guidelines on prostate cancer. European Association of Urology 146 (2017).
40. Bueno, R., Loughlin, K. R., Powell, M. H. & Gordon, G. J. A diagnostic test for prostate cancer from gene expression profiling data.
The Journal of urology 171, 903–906 (2004).
41. Schneider, S. et al. Molecular genetic markers for prostate cancer. Evidence in fine needle biopsies for improved confirmation of the
diagnosis. Der Urologe. Ausg. A 47, 1208–1211, https://doi.org/10.1007/s00120-008-1837-8 (2008).
42. Shan, M. et al. Molecular analyses of prostate tumors for diagnosis of malignancy on fine-needle aspiration biopsies. Oncotarget 8,
104761 (2017).
43. Peng, Z. et al. An expression signature at diagnosis to estimate prostate cancer patients’ overall survival. Prostate cancer and prostatic
diseases 17, 81 (2014).
44. Smith, J. Canine prostatic disease: a review of anatomy, pathology, diagnosis, and treatment. Theriogenology 70, 375–383 (2008).
45. Palmieri, C. et al. Histopathological Terminology Standards for the Reporting of Prostatic Epithelial Lesions in Dogs. Journal of
Comparative Pathology 171, 30–37, https://doi.org/10.1016/j.jcpa.2019.07.005 (2019).
46. Holak, P., Adamiak, Z., Jałyński, M. & Chyczewski, M. Laparoscopy-guided prostate biopsy in dogs-a study of 13 cases. Pol J Vet Sci
13, 765–766 (2010).

Scientific Reports |

(2019) 9:13216 | https://doi.org/10.1038/s41598-019-49271-1

12

www.nature.com/scientificreports/

www.nature.com/scientificreports

47. Barsanti, J., Shotts, J. E., Prasse, K. & Crowell, W. Evaluation of diagnostic techniques for canine prostatic diseases. Journal of the
American Veterinary Medical Association 177, 160–163 (1980).
48. Jubb, K. & Palemer’s. Pathology of Domestic Animals. 5 edn, Vol. 3 602–611 (Saunders Ltda., 2007).
49. Ruetten, H. et al. Prostatic collagen architecture in neutered and intact canines. The Prostate (2018).
50. Bryan, J. N. et al. A population study of neutering status as a risk factor for canine prostate cancer. The prostate 67, 1174–1181 (2007).
51. Bowlt Blacklock, K. et al. A preliminary investigation of the effect of sample collection technique on the cell and RNA content of
fine‐needle aspirates of five canine tumours. Journal of Small Animal Practice 59, 211–221 (2018).
52. Rajer, M. & Kmet, M. Quantitative analysis of fine needle aspiration biopsy samples. Radiology and Oncology 39 (2005).
53. Annaratone, L. et al. High-throughput molecular analysis from leftover of fine needle aspiration cytology of mammographically
detected breast cancer. Translational oncology 5, 180–189 (2012).
54. Thrall, M. A. In Withrow & MacEwen’s Small Animal Clinical Oncology (Fourth Edition) 112–133 (Elsevier, 2007).
55. Thangaiah, J. J., Balachandran, K., Poothiode, U. & Bhat, S. Validity of Fine Needle Aspiration Cytology in Diagnosis of Prostatic
Lesions and Correlation with Trucut Biopsy. North American Journal of Medicine and Science 7 (2014).
56. Kabanova, S. et al. Gene expression analysis of human red blood cells. Int J Med Sci 6, 156–159 (2009).
57. Bridge, J. A. Reverse transcription–polymerase chain reaction molecular testing of cytology specimens: Pre‐analytic and analytic
factors. Cancer cytopathology 125, 11–19 (2017).
58. Mueller, O., Lightfoot, S. & Schroeder, A. RNA integrity number (RIN)–standardization of RNA quality control. Agilent application
note, publication, 1–8 (2004).
59. Anderson, M. A. et al. Reliable gene expression measurements from fine needle aspirates of pancreatic tumors: effect of amplicon
length and quality assessment. The Journal of Molecular Diagnostics 12, 566–575 (2010).
60. Klein, E. A. et al. A 17-gene assay to predict prostate cancer aggressiveness in the context of Gleason grade heterogeneity, tumor
multifocality, and biopsy undersampling. European urology 66, 550–560 (2014).
61. Chen, J., Zhang, D., Yan, W., Yang, D. & Shen, B. Translational bioinformatics for diagnostic and prognostic prediction of prostate
cancer in the next-generation sequencing era. BioMed research international 2013 (2013).
62. Klopfleisch, R. Personalised medicine in veterinary oncology: One to cure just one. The Veterinary Journal 205, 128–135 (2015).
63. Lai, C. L. et al. Histopathological and immunohistochemical characterization of canine prostate cancer. The Prostate 68, 477–488
(2008).
64. Leav, I. & Ling, G. V. Adenocarcinoma of the canine prostate. Cancer 22, 1329–1345 (1968).
65. Fonseca-Alves, C. E., Kobayashi, P. E. & Laufer-Amorim, R. Evaluation of NKX3. 1 and C-MYC expression in canine prostatic
cancer. Research in veterinary science 118, 365–370 (2018).
66. Lean, F., Kontos, S. & Palmieri, C. Expression of β-catenin and mesenchymal markers in canine prostatic hyperplasia and carcinoma.
Journal of comparative pathology 150, 373–381 (2014).
67. Matsuzaki, P. et al. Immunohistochemical characterization of canine prostatic intraepithelial neoplasia. Journal of comparative
pathology 142, 84–88 (2010).
68. Xu, L. L. et al. A novel androgen-regulated gene, PMEPA1, located on chromosome 20q13 exhibits high level expression in prostate.
Genomics 66, 257–263 (2000).
69. Kustritz, M. V. R. Collection of tissue and culture samples from the canine reproductive tract. Theriogenology 66, 567–574 (2006).
70. Raskin, R. E. & Meyer, D. Canine and Feline Cytology-E-Book: A Color Atlas and Interpretation Guide. (Elsevier Health Sciences, 2015).
71. Thrall, M. A., Olsen, P. N. & Freemyer, F. G. Cytologic diagnosis of canine prostatic disease. Journal of the American Animal Hospital
Association 21, 95–102 (1985).
72. Barrett, T. et al. NCBI GEO: archive for functional genomics data sets—update. Nucleic acids research 41, D991–D995 (2012).
73. Andrews, S. FastQC: a quality control tool for high throughput sequence data. Available online at, http://www.bioinformatics.
babraham.ac.uk/projects/fastqc (2010).
74. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120 (2014).
75. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome
biology 14, R36 (2013).
76. Aken, B. L. et al. The Ensembl gene annotation system. Database 2016 (2016).
77. Anders, S., Pyl, P. T. & Huber, W. HTSeq—a Python framework to work with high-throughput sequencing data. Bioinformatics 31,
166–169 (2015).
78. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
biology 15, 550 (2014).
79. Johnson, M. et al. NCBI BLAST: a better web interface. Nucleic acids research 36, W5–W9 (2008).
80. Madden, T. The BLAST sequence analysis tool. The NCBI Handbook [Internet]. 2nd edition, (National Center for Biotechnology
Information (US), 2013).
81. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic acids research 37, 1–13 (2008).
82. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nature protocols 4, 44–57 (2009).

Acknowledgements

Qubit system was provided by Julia Metzger, Institute for Animal Breeding and Genetics, University of Veterinary
Medicine Hannover, Foundation, Germany. This publication was supported by Deutsche Forschungsgemeinschaft
and University of Veterinary Medicine Hannover, Foundation within the funding programme Open Access
Publishing.

Author Contributions

H.T. experimental design, sample collection, execution of experiments, data interpretation and manuscript
preparation, L.T. execution of experiments, data analysis, data interpretation and manuscript preparation, J.T.S.
data interpretation, manuscript preparation, L.H. monitoring clinical trial, manuscript preparation, S.O.H.
sample collection, R.M. cytological examination, M.H.T. histopathological examination, Z.K. sample collection,
B.B., E.S. and J.B. execution of experiments; H.M.E. data analysis and interpretation, experimental design and
manuscript preparation, I.N. experimental design, monitoring of the clinical trial, and manuscript preparation.

Additional Information

Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Scientific Reports |

(2019) 9:13216 | https://doi.org/10.1038/s41598-019-49271-1

13

www.nature.com/scientificreports/

www.nature.com/scientificreports

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:13216 | https://doi.org/10.1038/s41598-019-49271-1

14

