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ABSTRACT

Background: Remodelling and spacing factor 1 (RSF1) is involved in the regulation of chromatin
remodelling and represents a potential therapeutic target. High RSF1 expression has been linked to
adverse tumour features in many cancer types, but its role in prostate cancer is uncertain.

Methods: In this study, RSF1 expression was analysed by immunohistochemistry on a tissue micro-
array with 17,747 prostate cancers.

Results: Nuclear RSF1 staining of 16,456 interpetable cancers was considered strong, moderate, weak
and negative in 25.2%, 48.7%, 5.3% and 20.8% of cancers respectively. Positive RSF1 expression was
associated with advanced tumour stage, high Gleason grade, lymph node metastasis (p <.0001 each),
early biochemical recurrence (p <.0003) and more frequent in the ERG positive than in the ERG nega-
tive subset (88% versus 71%; p <.0001). Subset analysis revealed, that associations between RSF1
expression and unfavourable tumour phenotype and PSA recurrence were present in both subgroups
but stronger in the ERG negative than in the ERG positive subset. The univariate Cox proportional haz-
ard ratio for PSA recurrence-free survival for strong versus negative RSF1 expression was a weak 1.60
compared with 5.91 for the biopsy Gleason grade >4 -+4 versus <3+ 3. The positive association of
RSF1 protein detection with deletion of 3p13, 10923 (PTEN), 12p13, 16923, and 17p13 (p < .0001 each)
suggest a role of high RSF1 expression in the development of genomic instability.

Conclusion: In summary, the results of our study identify RSF1 as an independent prognostic marker
in prostate cancer with a particularly strong role in ERG negative cases.
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Introduction

Prostate cancer is common in elder men in Western societies
[1]. Most of them grow slowly but a small subset can be
highly aggressive requiring intensified treatment [2,3].
Predictive prognostic parameters include Gleason grade and
tumour extent on biopsies, serum prostate-specific antigen
(PSA) levels, and clinical stage. While powerful in retrospect-
ive analysis of large cohorts, they are suboptimal for individ-
ual treatment decisions. Therefore it is hoped that
identification of clinically applicable molecular markers will
improve prediction of prostate cancer aggressiveness.
Remodelling and spacing factor 1 (RSF1) alias hepatitis B
virus X protein associated protein is of potential clinical inter-
est [4]. RSF1 is involved in the regulation of chromatin remod-
elling. It is a ubiquitously expressed histone chaperone, that
interacts with specific chromatin remodelling factors [5].
Chromatin-remodelling complexes play a key role in all

processes that require a change of the chromatin structure
including DNA repair, DNA synthesis, and mitosis. RSF1 was
reported to become overexpressed in various cancers includ-
ing ovarian [6], lung [7], hepatocellular [8] or colon cancer [9].
Studies in ovarian [6], lung [7], nasopharyngeal [10], gastric
[11], rectal [12] and urinary bladder cancer [13] suggested that
its overexpression might be linked to poor patient prognosis.
RSF1 overexpression was also found to potentially contribute
to paclitaxel resistance [14], and cancers recurring after
chemotherapy or radiotherapy showed higher RSF1 values
than their respective primary tumours [15]. A role of RSF1 in
modulating drug sensitivity was also supported by experi-
ments showing that RSF1 knockdown by siRNA treatment
reduced cell growth, increased drug sensitivity, and induced
cell death in cancer cells with RSF1 overexpression [14,16].
Based on the analysis of 169 patients, a link between
RSF1 overexpression and high tumour stage and poor
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prognosis was recently also suggested for prostate cancer
[17]. To better understand the clinical and biological impact
of RSF1 expression in prostate cancer, an immunohistochemi-
cal analysis of RSF1 expression was performed on a cohort of
more than 17,000 prostate cancer specimens in a tissue
microarray (TMA) format.

Material and methods
Patients

The 17,747 patients had radical prostatectomy between 1992
and 2014 at the Department of Urology and the Martini
Clinic at the University Medical Centre Hamburg-Eppendorf.
The prostate specimen was completely embedded for histo-
logical analysis [18]. Classical Gleason categories and
“quantitative” Gleason grading was performed as described
before [19]. Follow-up data were available for a total of
14,464 patients (median 48 months, range: 1 to 276 months;
Table 1). Prostate specific antigen (PSA) recurrence was
defined as the time point when the postoperative PSA level
was at least 0.2 ng/ml and increasing at subsequent measure-
ments. The TMA was produced as described and contained
various control tissues, including normal prostate tissue [20].
It was annotated with data on ERG expression, and ERG
break apart FISH analysis [21] and deletion status of 3p13
(FOXP1) [22]), 5921 (CHD1) [23], 6415 (MAP3K7) [24], 8p21

Table 1. Characteristics of the arrayed prostate cancers.

No. of patients (%)

Study cohort Biochemical
on TMA relapse among
(h=17,747) categories

Follow-up 14,464 3612 (25%)
Mean / median (month) 56.3 / 48.0 -
Age (y)

<50 433 66 (15%)

51-59 4341 839 (19%)

60-69 9977 2073 (21%)

>70 2936 634 (22%)
Pretreatment PSA (ng/ml)

<4 2225 313 (14%)

4-10 10,520 1696 (16%)

10-20 3662 1043 (29%)

>20 1231 545 (44%)
pT stage (AJCC 2002)

pT2 11,518 1212

pT3a 3842 121

pT3b 2233 1213

pT4 85 63
Gleason grade

<343 3570 264 (7.4%)

3+4 9336 1436 (15%)

3+ 4 Tertiary 5 1697 165 (10%)

443 2903 683 (24%)

4+ 3 Tertiary 5 1187 487 (41%)

>444 999 531 (53%)
pN stage

pNO 10,636 2243 (21%)

pN-+ 1255 700 (56%)
Surgical margin

Negative 14,297 2307 (16%)

Positive 3388 1304 (39%)

Numbers do not always add up to 17,747 in the different categories
because of cases with missing data. AJCC: American Joint Committee
on Cancer.
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(NKX3) [25], 10923 (PTEN) [26]), 12p13 (CDKN1B) [27], 12924
(NCOR2) [28], 16923 (WWOX) [271, 17p13 (TP53) [29], 18921
(NEDDA4L) [30], and Ki67 labelling index (Ki67-LI) data [31].

Immunohistochemistry

Freshly cut TMA sections were stained in one experiment.
Slides were dewaxed and exposed to 121°C for 5min in pH
7.8 Tris-EDTA buffer. Anti-RSF1 antibody [EPR3749(2)] (rabbit
monoclonal antibody ab109002, Abcam, Great Britain) was
applied at 1:4050 and 37°C for 60 min. Bound antibody was
visualised (EnVision Kit, Dako, Glostrup, Denmark) according
to the manufacturer’s directions. RSF1 staining of variable
intensity was predominantly seen in the nucleus and was
occasionally accompanied by a weaker cytoplasmatic co-
staining. For this study, the nuclear staining intensity was
estimated as negative, weak, moderate or strong for each
tumour containing TMA spot (Figure 1).

Statistical analysis

Contingency tables were calculated to study association
between RSF1 expression and clinico-pathological variables,
and the chi-square test was used to find significant relation-
ships. Ki67 labelling data were tested by ANOVA. Kaplan-
Meier curves were generated using PSA recurrence as the
clinical endpoint. The log-rank test was applied to test the
significance of differences between stratified survival func-
tions. Cox proportional hazards were calculated for biochem-
ical relapse in univariate and multivariate models to compare
various predictive parameters and tested by chi-square test.
JMP 12 (SAS Institute Inc, NC, USA) was used. P-values are
uncorrected for multiple testing.

Results

The TMA analysis was interpretable in 16,456 of 17,747
tumour samples (93%). Non-informative cases (7%) lacked tis-
sue samples or unequivocal cancer tissue in the TMA spot.
Normal prostate epithelial tissue showed medium to strong
nuclear RSF1 staining. In cancers, RSF1 staining was localised
mostly in the nucleus and/or in cytoplasm. Detectable
nuclear RSF1 staining was seen in 13,037 of our 16,456
(79.2%) interpretable tumours and was considered weak in
5.3%, moderate in 54.0% and strong in 25.2% of cancer. The
remaining 3419 (20.8%) tumours were negative for RSF1.
Representative images of RSF1 staining are given in Figure 1.

Associations with ERG-status and tumour phenotype

The intensity and the presence of nuclear RSF1 staining were
increased in ERG positive or ERG rearranged tumours (Figure
S1) and showed associations with advanced tumour stage
(p <.0001), and high Gleason grade (p <.0001 Table 2). The
latter associations held true in the subset of ERG negative
cancers (Table S1) and ERG positive cancers (Table S2).
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Figure 1. Representative pictures of (A) negative, (B) weak, (C) moderate and (D) strong RSF1 nuclear staining in prostate cancer and (E) in a mixed spot with nor-
mal glands in the upper half and cancerous glands in the lower half; magnification 100, spot size 600 um.

Association to other key genomic deletions

Comparison of RSF1 expression with deletions of 3p13, 5921
(CHD1), 6q15, 8p21, 10923 (PTEN), 12p13, 12q24, 16923,
17p13, and 18921 revealed that RSF1 staining was signifi-
cantly positive linked to all of these deletions but 5921, 6q15
and 18921 (Figure S2). The strongest positive association was
observed for 10923 (PTEN). When Bonferroni-corrected for
multiple comparisons, p-values remained significant except
for 12q24.

Association to tumour cell proliferation (Ki67-LlI)

RSF1 staining intensity was significantly associated with
increased cell proliferation as measured by Ki67-LI (Table S3).
These associations were independent from ERG fusion status
(p <.0001) and the Gleason grade, as they also held true in
subgroups of tumours with identical Gleason score (<3+3,
344,44 3; p<.0001 each and >4+ 4; p=.0112 each).

Association with PSA recurrence

Follow-up data were available from 13,465 patients with
interpretable RSF1 staining. The intensity of nuclear RSF1
staining was associated with early PSA recurrence after pros-
tatectomy (p <.0001, Figure 2). The PSA relapse rate of 25%
was observed after 87, 61, 58 and 37 month in patients with
negative, weak, moderate and strong RSF1 expression. The
findings were independent of the ERG status (data not
shown). When stratified for Gleason group 2 (3+4) and 3
(4 + 3) RSF1 expression had no impact on clinical outcome in
the former but in the latter (Figure 2).

Uni- and multivariate analysis of hazard ratio

The clinical relevance of nuclear RSF1 expression was eval-
uated in 4 scenarios (Table S4). Nuclear RSF1 expression pro-
vided highly significant prognostic value beyond the
established pre- and postoperative parameters in all
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Table 2. Association between RSF1 staining and prostate cancer phenotype.

RSF1 (%)
Parameter n Negative Weak Moderate  Strong p
Total 16,456 20.8 53 48.7 25.2
Tumour stage <.0001
pT2 10,596 225 53 50.0 22.2
pT3a 3616 17.9 5.9 454 30.8
pT3b-pT4 2177 17.0 43 48.0 30.7
Gleason grade <.0001
<3+3 3361 30.6 6.0 47.3 16.1
3+4 8606 19.7 5.4 49.0 259
344 Tert5 733 143 53 54.2 26.2
443 1593 16.4 5.1 46.3 323
443 Tert5 1084 12.0 35 46.7 37.8
>4+4 921 14.4 37 54.8 27.0
Lymph node metastasis .0004
NO 9778 18.4 5.2 49.2 27.2
N+ 1167 14.8 4.1 49.2 319
Preoperative PSA level (ng/ml) .0552
<4 2049 204 5.4 50.5 238
4-10 9727 21.2 4.9 487 25.2
10-20 3429 20.5 55 48.1 259
>20 1146 18.9 7.0 473 26.8
Surgical margin <.0001
Negative 13,192 21.1 53 49.2 243
Positive 3204 19.2 5.1 46.9 28.8

scenarios for all cancers and the ERG negative subset. There
was a weaker independent prognostic role for RSF1 in the
ERG positive subset for the preoperative scenario 4 (Table 3).
In uni- and multivariate analysis the prognostic effect of
RSF1 compared with other markers was weak (hazard ratio
of 1.60 respective 1.43).

Discussion

The results of our study demonstrate that increased nuclear
RSF1 expression is a weak but independent predictor of poor
prognosis, especially in the ERG negative subset of pros-
tate cancer.

Detectable levels of RSF1 expression were found in 79.2%
of 16,456 interpretable prostate cancers. This is comparable
to the findings of Li et al. who described overexpression of
RSF1 in 45% of 169 prostate cancers [17]. RSF1 protein may
be involved in cancer progression, as its expression levels
further increased with advanced pathological stage, higher
Gleason score, lymph node metastasis, elevated tumour cell
proliferation and early PSA recurrence. Li et al. had also sug-
gested a possible link of RSF1 overexpression with unfavour-
able prostate cancer phenotype. A tumour promoting role of
RSF1 overexpression is further supported by several other
studies describing a relationship between RSF1 overexpres-
sion and poor patient outcome in ovarian [6], rectal [12],
urinary bladder [13], lung [7], and breast cancer [32] as well
as be various experimental models [14-16].

The availability of molecular data from earlier studies uti-
lising this prostate carcinoma TMA enabled us to investigate
the relationship of RSF1 expression with molecularly defined
cancer subgroups, the most relevant of which are ERG posi-
tive and ERG negative cancers. TMPRSS2:ERG fusions occur in
about 50% of prostate cancers and lead to a constitutive
overexpression of the transcription factor ERG. ERG
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Figure 2. Association between RSF1 expression and PSA recurrence in the total
cohort and the Gleason 3+ 4 and 4 + 3 subset.

overexpression by itself lacks prognostic relevance, but ERG
modulates the expression of more than 1600 genes in pros-
tate epithelial cells [21,33,34]. The prognostic effect of RSF1
expression was slightly stronger in ERG negative than in ERG
positive cancers but was also retained in the latter group
(Table S1). A modified cellular microenvironment may play a
causative role for the reduced prognostic role of RSF1
expression in ERG positive cancers. Our assay sensitivity may
serve as an alternative explanation for different prognostic
effects between ERG positive and ERG negative cancers. The
diagnostic window where differences in the expression level
can be assessed by brightfield IHC is relatively narrow. All
tumours below a certain threshold are diagnosed as
“negative”, all tumours above a certain expression level are
considered strongly positive. It is thus possible, that our
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Table 3. Cox proportional hazards for PSA recurrence-free survival after prostatectomy of established preoperative prognostic parameter and

RSF1 expression.

Univariate analysis Multivariate analysis (n = 9255)

Variable n
Gleason grade biopsy >4+4+4vs. <343 12,172
cT-stage T2c vs. Tlc 14,404
Preoperative PSA-level >20 vs. <4 14,611
RSF1 expression Strong vs. negative 13,648

Weak vs. negative

Moderate vs. weak

Strong vs. moderate
ERG negative subset Strong vs. negative 5309
ERG positive subset Strong vs. negative 4156

5.91 (5.33-6.55)*** 437 (3.91-4.88)***

(

)
3.73 (3.12-4.42)¥** 1.96 (1.60-2.38)***
5.06 (4.41-5.81)*** 3.26 (2.77-3.84)%**
1.60 (1.45-1.76)*** 1.43 (1.28-1.59)***
1.19 (1.01-1.40)* 1.06 (0.87-1.28)
1.05 (0.90-1.23) 1.11 (0.93-1.33)
1.28 (1.19-1.39)*** 1.22 (1.12-1.33)%**
1.71 (1.45-2.07)*** -
1.34 (1.11-1.63)* -

Confidence interval (95%) in brackets; asterisk indicate significance level: *p <.05, **p <.001, ***p <.0001.

immunohistochemistry protocol was better suited to distin-
guish expression differences in cancers with generally lower
expression levels (ERG negative cancers) than in those with
higher expression (ERG positive cancers). Irrespective of its
cause, the different prognostic impact of RSF1 in ERG posi-
tive and negative cancers demonstrates, that the applicability
(and perhaps thresholds) of prognostic markers may depend
on specific molecular tumour features. This represents a con-
siderable challenge for the development of prognostic can-
cer tests that shall be applicable to every patient.

Chromosomal deletions account for the next ten most
common recurrent genomic alterations in prostate cancer
after TMPRSS2:ERG fusions. These deletions may define clinic-
ally relevant molecular subtypes of prostate cancer. Most of
them are either linked to ERG positive (10q (PTEN), 3p13,
8p21, 17p13 (TP53), 12g24) or ERG negative cancer (6q15,
5921 (CHD1), 16923) [28,35,36]. That most of these deletions
were related to RSF1 expression in ERG positive and ERG
negative tumours may indicate an involvement of RSF1 in
controlling genomic integrity or double strand breakage
repair [37,38]. The known role of RSF1 as a chromatin remod-
elling protein is consistent with RSF1 overexpression impact-
ing genomic instability. This is in line with previous studies
showing that RSF1 overexpression induces the endogenous
DNA damage response by activating the ATM signalling
pathway [38]. RSF1 overexpression increased the levels of
the endogenous DNA damage signalling pathway and
impaired efficient repair upon DNA damage [37].

RSF1 analysis provided limited additional prognostic infor-
mation beyond the established preoperative and postopera-
tive prognostic parameters in prostate cancer. It is important,
however, that prognostic parameters are needed for prostate
cancer patients that are not only independent of established
factors, but also better reproducible to be suitable for pro-
spective analysis. Most routinely used prognostic features
suffer from significant limitations. The quality of the lymph
node status data greatly depends on the extent of surgery
and the pathological work-up of the removed materials [39].
The Gleason Grade, the most powerful preoperatively avail-
able prognostic marker, suffers from substantial interobserver
variability reaching beyond 40% in individual biopsies [40]. In
the present retrospective TMA study two pathologists ana-
lysed a single spot from each tumour and discrepant cases
were decided by a third one. Whether this can be imple-
mented in the clinical routine for prospective testing of mul-
tiple representative samples for a patient to deal with the
heterogeneity of prostate cancer remains to be seen.

Conclusion

The results of the study identify nuclear RSF1 staining as a
weak but independent prognosticator in prostate cancer.
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