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 Background The majority of newly diagnosed prostate cancers will remain indolent, but distinguishing between aggressive and 
indolent disease is imprecise. This has led to the important clinical problem of overtreatment. THOC1 encodes a 
nuclear ribonucleoprotein whose expression is higher in some cancers than in normal tissue. The hypothesis that 
THOC1 may be a functionally relevant biomarker that can improve the identification of aggressive prostate cancer 
has not been tested.

 Methods THOC1 protein immunostaining was evaluated in a retrospective collection of more than 700 human prostate 
cancer specimens and the results associated with clinical variables and outcome. Thoc1 was conditionally deleted 
in an autochthonous mouse model (n = 22 or 23 per genotype) to test whether it is required for prostate cancer 
progression. All statistical tests were two-sided.

 Results THOC1 protein immunostaining increases with higher Gleason score and more advanced Tumor/Node/Metastasis 
stage. Time to biochemical recurrence is statistically significantly shorter for cancers with high THOC1 protein 
(log-rank P = .002, and it remains statistically significantly associated with biochemical recurrence after adjusting 
for Gleason score, clinical stage, and prostate-specific antigen levels (hazard ratio = 1.61, 95% confidence inter-
val = 1.03 to 2.51, P = .04). Thoc1 deletion prevents prostate cancer progression in mice, but has little effect on 
normal tissue. Prostate cancer cells deprived of Thoc1 show gene expression defects that compromise cell growth.

 Conclusions Thoc1 is required to support the unique gene expression requirements of aggressive prostate cancer in mice. In 
humans, high THOC1 protein immunostaining associates with prostate cancer aggressiveness and recurrence. 
Thus, THOC1 protein is a functionally relevant molecular marker that may improve the identification of aggres-
sive prostate cancers, potentially reducing overtreatment.
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Prostate-specific antigen (PSA) screening has led to an increase in the 
diagnosis of clinically localized prostate cancer. A  large proportion 
of diagnosed patients will not progress clinically, and few would suc-
cumb to prostate cancer even without treatment (1). This has led to 
the problem of overtreatment, where patients suffer the side effects of 
therapy like radical prostatectomy (RP) without clinically significant 
benefit. Active surveillance has been proposed for men with low-risk 
prostate cancer to reduce overtreatment. A large community practice–
based clinical database indicates approximately 7% of men elect active 
surveillance for newly diagnosed, clinically localized prostate cancer. 
This is far less than the estimated 50% of newly diagnosed men who 
should choose active surveillance (3). Development of biomarkers that 
improve upon PSA, clinical stage, and Gleason score to distinguish 
between prostate cancers that can be observed safely and those that 
require immediate treatment could help “right size” treatment.

THOC1 encodes an essential subunit of the THO ribonucleo-
protein complex that is cotranscriptionally assembled on nascent 
RNA transcripts, facilitating their interaction with RNA process-
ing and export factors (4–6). THO deficiency is known to cause 
defects in transcript processing and transport (7–12), thus limiting 
the expression of some genes. RNA transcripts directly regulated 
by THOC1 are not extensively characterized, but appear to be con-
text dependent (5,11,13,14). Thoc1 deficiency also induces R-loop 
accumulation, causing DNA damage and genome instability (11).

THOC1 expression is elevated in some human cancers (15–
17), and THOC1 gene silencing inhibits the proliferation of some 
cancer cell lines (15,18,19). Normal fibroblasts are less sensitive 
to THOC1 deficiency than their oncogene transformed deriva-
tives (19). These observations suggest high THOC1 expres-
sion supports cancer progression, but this hypothesis has not 
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been tested. Here, Thoc1 has been conditionally deleted in an 
autochthonous mouse model of prostate cancer to test whether 
it is required for cancer progression in vivo. Human prostate 
cancer specimens have been examined to ascertain whether 
THOC1 expression associates with cancer aggressiveness and 
progression.

Methods
Mouse Model of Prostate Cancer
The mouse model was described previously (20). The construc-
tion and genotyping of floxed and hypomorphic mouse Thoc1 
alleles (Thoc1F and Thoc1H, respectively) has been reported (21). 
Experimental mice were on a mixed C57BL/6:129/Sv:FVB genetic 
background. Randomly selected mice of the appropriate geno-
type were killed by CO2 inhalation when moribund or as stated in 
results. All mouse experiments were approved by the Institutional 
Animal Care and Use Committee (IACUC) at Roswell Park 
Cancer Institute.

Histology, Immunohistochemical Staining, and 
Antibodies
Prostate lesions developing in the mouse model are identified and 
quantitated as described (20,22) (see the Supplementary Methods, 
available online). The THOC1-specific polyclonal antibody used 
for human tissue array immunostaining is raised by immunizing 
rabbits with the previously described GST-N5 fusion protein (23). 
All other antibodies, including the pThoc1 antibody used to stain 
mouse tissue, are listed in Supplementary Table 1 (available online).

Molecular Analysis
Prostate tissue from eight- to 12-week-old mice was snap-frozen 
and RNA extracted with TRIzol reagent (Invitrogen, Carlsbad, 
CA). Cell line pellets were snap-frozen and RNA extracted with 
the Qiagen RNeasy kit (Qiagen, Germantown, MD) as recom-
mended. cDNA is synthesized using Superscript III reverse tran-
scriptase and random primers as recommended (Invitrogen). 
Relative RNA levels are compared by the SYBR green ddCt 
relative quantitation method. Polymerase chain reaction (PCR) 
primers are listed in Supplementary Table  2 (available online). 
RNA immunoprecipitation, western blotting, and gene expres-
sion profiling are described in the Supplementary Methods (avail-
able online).

Cell Culture and Cell Assays
Prostate cancer cells are isolated from mouse tumors by digesting 
with 2.5 mg/mL Collagenase II, 2.5 mg/mL Collagenase IV, 1 mg/
mL DNase I, in Hank’s balanced salt solution with 2% NuSerum 
(BD Biosciences, San Jose, CA). Dissociated cells are cultured 
using Dulbecco’s modification of Eagle’s medium (Invitrogen) 
containing 10% fetal bovine serum (Atlanta Biologicals, 
Lawrenceville, GA) and 1% penicillin/streptomycin (10 000 IU/
mL and 10 000 μg/mL, respectively, Mediatech, Manassas, VA). 
Culture of human prostate cancer cell lines, shRNA, siRNA, BrdU 
incorporation, protein synthesis, clonogenic growth, transplan-
tation, and apoptosis assays are described in the Supplementary 
Methods (available online).

Clinical Specimens and Tissue Microarrays
Tissue specimens were collected from patients who underwent 
RP between 1993 and 2005 at Roswell Park Cancer Institute. For 
histological analysis, tissue was formalin-fixed, paraffin-embedded, 
and tissue cores were incorporated into a prostatic tissue microar-
ray (TMA). Clinical characteristics of this patient cohort are sum-
marized in Supplementary Table 3 (available online). Clinical data 
is collected from each patient with a median follow-up time of 
101.3 months. Samples lacking relevant clinical data, cores missing 
from the TMA, or cores lacking tumor cells were excluded from the 
analysis. The Roswell Park Cancer Institute (RPCI) Institutional 
Review Board approved the use of human patient specimens for 
this study. Patient samples are collected for research at RPCI only 
from patients that give written informed consent. The samples 
used in this study were obtained as deidentified.

Statistical Analysis
Univariate statistical tests and Kaplan-Meier analysis were per-
formed and plotted in GraphPad Prism version 6.00. Jonckheere–
Terpstra tests were calculated using contingency tables and an 
approximation to the normal distribution. The Cox regres-
sion model was fit using Firth’s penalized likelihood. The model 
assumption of proportionality was verified graphically using log-
cumulative hazard and Anderson plots, while model fit was assessed 
with a Cox-Snell residual plot. All statistical tests were two-sided, 
and a P value of less than .05 was considered statistically significant.

results
THOC1 Expression and Human Prostate Cancer 
Progression
THOC1 protein (pThoc1) immunostaining is markedly increased 
in cancerous human prostate epithelium compared with adjacent 
benign epithelium (Figure  1A). Analysis of TMAs containing 
more than 700 prostate cancer specimens confirmed this obser-
vation. Immunostaining was detectable in most cancer cores, but 
was difficult to detect in benign tissue. When detected, pThoc1 
immunostaining in benign tissue was confined to basal epithe-
lium (Figure 1B). The purified protein used to raise pThoc1 anti-
body was able to block immunostaining, demonstrating specificity 
(Supplementary Figure 1A, available online). An independent anti-
body raised against a distinct pThoc1 epitope gave a similar immu-
nostaining pattern, demonstrating reproducibility (Supplementary 
Figure  1B, available online). Ten independent patient samples 
available as frozen tissue were also analyzed for pThoc1 by western 
blotting. Tumor tissue had more pThoc1 than matched benign tis-
sue for nine samples (Figure 1C).

To measure variation in pThoc1 levels, immunostaining was 
quantified using a metric accounting for stain intensity and fre-
quency (% immunopositive multiplied by stain intensity on a 0–3 
scale). Samples were scored by two pathologists in blinded fash-
ion, and their scoring was similar (Spearman’s correlation coef-
ficient  =  0.89). pThoc1 immunostaining increased with higher 
pathology Gleason score (24) (Jonckheere–Terpstra trend test 
z  =  3.4, P < .001) (Figure  1D) or with more advanced pathol-
ogy TNM stage (25) (Jonckheere–Terpstra test z = 4.3, P < .001) 
(Figure  1E). pThoc1 immunostaining also inversely associated 
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with biochemical recurrence, a commonly used measure of prostate 
cancer progression. Recurrence-free survival was statistically sig-
nificantly shorter (log-rank P = .002) (Figure 1F) for cancers with 
high pThoc1 (>median). The estimated 60 month recurrence-free 
survival rate was 91.9% (95% confidence interval [CI] = 87.8% to 
94.7%) for patients with low pThoc1 and 83.9% (95% CI = 78.3% 
to 88.1%) for patients with high pThoc1.

A Cox regression model was used to evaluate the association 
between pThoc1 and biochemical recurrence adjusting for biopsy 

Gleason score, clinical stage, and pretreatment PSA levels. pThoc1 
remains statistically significantly associated with biochemical 
recurrence (hazard ratio [HR]  =  1.61, 95% CI  =  1.03 to 2.51, 
P = .04) (Table 1). We also used a Cox regression model to evaluate 
whether pThoc1 modified the association between clinical predic-
tors and recurrence. The hazard ratios for the predictors, particu-
larly Gleason score, were altered by pThoc1 status (Supplementary 
Table 4, available online). These differences did not achieve statis-
tical significance because of the small number of events. pThoc1 
immunostaining was also examined after retrospectively stratify-
ing the patient cohort as undertreated (biochemical recurrence 
within two years of RP), overtreated (RP patients found to have 
clinically insignificant disease as defined by Gleason score of less 
than 7, organ-confined, margin-negative, and undetectable PSA for 
at least two years post-RP), or appropriately treated (all others). 
pThoc1 immunostaining was statistically significantly different 
among these classifications (Kruskal-Wallis P = .005) (Figure 1G) 
with overtreated patients distinguishable from appropriately 
treated patients (Mann Whitney P = .003). pThoc1 immunostain-
ing, therefore, might improve the identification of prostate cancers 
likely to progress clinically.

Requirements for Thoc1 in a Mouse Model of 
Prostate Cancer
Immunostaining data suggests high pThoc1 levels support pros-
tate cancer progression. To test this, Thoc1 has been conditionally 
deleted in an autochthonous mouse model of prostate cancer initi-
ated by Rb1 and Trp53 deletion (20), two tumor suppressor genes 
frequently mutated in human prostate cancer (26–28). Tumors aris-
ing in these mice progress from focal atypia to intraepithelial neo-
plasia (mPIN), invasive tumors, and metastatic disease. This mouse 
model mimics aggressive human prostate cancers that exhibit 
neuroendocrine features. Human prostate cancers with neuroen-
docrine features have been estimated to account for 30% of all 
prostate cancer lethality (28). pThoc1 immunostaining increases 
with cancer progression in this model (Figure 2, A and B). Antibody 
specificity for mouse tissue immunostaining has been verified 
(Supplementary Figure 1C, available online).

Tumorigenesis was compared in mice with Rb1F/F:Trp53F/F: 
Thoc1F/F:PB-Cre4 (Thoc1-) and Rb1F/F:Trp53F/F:Thoc1+/+:PB-Cre4 
(Thoc1+) genotypes. Prostate-specific deletion of the floxed alleles 
was verified by PCR analysis of genomic DNA (Supplementary 
Figure  2, available online). Consistent with previous reports 
(20), Thoc1+ mice die of prostate cancer with a median survival of 
226 days. The median survival for Thoc1- test mice was statistically 
significantly longer, at 351 days (log-rank P < .001) (Figure 2C). 
Thoc1- mice survived longer, but succumbed to prostate can-
cer eventually. However, all tumors from Thoc1- mice that have 
been examined (n  =  29) expressed pThoc1 (Figure  2D). Since 
Cre-mediated recombination occurred with less than 100% effi-
ciency, tumors in Thoc1- mice originated from cells escaping Thoc1 
deletion (Figure 2E). The low probability of generating prostate 
epithelial cells lacking all four Rb1F/Trp53F alleles to initiate tumo-
rigenesis, but retaining an intact Thoc1F allele, probably explained 
the extended survival of Thoc1- mice. The stability of the unrec-
ombined Thoc1F alleles was because of silencing of Cre transgene 
expression during neoplastic transformation (Figure 2F).

Figure 1. Thoc1 protein expression in human prostate cancer. A) Tissue 
sections from resected human prostate cancer specimens were immu-
nostained for pThoc1. A  representative image showing malignant 
and adjacent benign epithelium is shown. The scale bar represents 50 
microns. B) A human tissue array containing 707 matched tumor and 
benign prostate tissue cores was immunostained for pThoc1. A repre-
sentative pair of matched specimens is shown. The boxes represent 
the area magnified in the lower panels. The arrow represents an immu-
nopositive cell. Scale bars are 50 (upper panel) or 10 microns (lower 
panel). C) Matched human tumor (T) or benign (B) prostate tissue speci-
mens were analyzed for pThoc1 levels by western blotting. Actin is the 
protein loading control. D) Patient samples were stratified by Gleason 
score and pThoc1 immunostaining scores compared. The graph shows 
a box plot of the data with whiskers defining the range of scores. The 
numbers inside the boxes indicate sample size. E) Patient samples were 
stratified by TNM stage and pThoc1 immunostaining scores compared 
as in (D). F) 511 evaluable prostate cancer patient cores were stratified 
by pThoc1 immunostaining (above and below median) and biochemical 
recurrence (time to PSA > 0.4 ng/mL) was assessed. Number of patients 
at risk were: 0  months low  =  245, high  =  245; 50  months low  =  204, 
high  =  182; 100  months low  =  117, high  =  84; 150  months low  =  50, 
high = 37; 200 months low = 6, high = 7. G) Evaluable patient specimens 
were stratified as overtreated, appropriately treated, or undertreated 
and pThoc1 immunostaining analyzed as in (D). AT  =  appropriately 
treated; OT = overtreated; UT = undertreated.
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Twenty-week-old Thoc1- and Thoc1+ mice were examined to 
test whether Thoc1 was required at earlier stages of tumorigene-
sis. Consistent with prior work (20,29), all Thoc1+ mice at this age 
contained histologically detectable mPIN lesions and 82% (nine 
of 11) had early invasive carcinoma (Figure 2G). In contrast, 33% 
of Thoc1- mice had detectable neoplasia and only 25% (three of 
12) showed evidence of invasive carcinoma. An examination of 30 
mPIN lesions from Thoc1- mice indicated that all retained pThoc1 
immunopositive cells (Figure 2H), suggesting Thoc1 was required 
for the progression of initiated cells to mPIN.

Requirements for Thoc1 in Normal Mouse 
Prostate Tissue
Thoc1- mice did not exhibit detectable defects in benign prostate 
tissue, suggesting Thoc1 was not required for normal prostate 
homeostasis. Thoc1F/F:PB-Cre4 mice at 19 to 20 months of age have 
been examined to test this. Male Thoc1F/F:PB-Cre4 mice (Thoc1F/F) 
were viable and did not exhibit phenotypes distinguishable from 
wild type. Mice had normal prostate histology, genitourinary tract 
weights, and fertility (Figure  3, A and B), despite extensive Cre 
expression (Supplementary Figure 3, available online) and reduced 
Thoc1 RNA and protein (Figure 3, C-E).

Lack of a detectable phenotype in Thoc1F/F:PB-Cre4 mice dem-
onstrates that normal prostate tissue is relatively insensitive to Thoc1 
deficiency, but we cannot exclude the possibility that Cre is not 
expressed in cells that would otherwise be sensitive to pThoc1 loss. 
To address this, six-month-old mice homozygous for a hypomorphic 
Thoc1 allele (Thoc1H), which express reduced pThoc1 in all cells, have 
been examined (13,21). Prostate histology (Figure 3B), lobe weights 
(Figure 3F), and ductal branching (Supplementary Figure 4, avail-
able online) are normal in Thoc1H/H mice relative to their smaller size, 
despite reduced Thoc1 RNA and protein (Figure 3, C,E, and G).

Effects of Thoc1 Loss on Prostate Tumor Cell Growth and 
Viability
Prostate tumor cells have been isolated from Rb1F/F:Trp53F/

F:Thoc1F/F:PB-Cre4 (PrT-) or Rb1F/F:Trp53F/F:Thoc1+/+:PB-Cre4 
(PrT+) mice and cultured in vitro. The origin of PrT lines was 
validated by androgen receptor expression (Supplementary 

Figure  5A, available online), the presence of recombined Rb1F 
and Trp53F alleles (Figure 2E), and their tumorigenic potential 
upon transplantation into immunodeficient mice (Supplementary 
Figure 5B, available online). Thoc1 was deleted in PrT- by forced 
Cre expression using recombinant adenovirus (AdCre). Infection 
with AdCre, but not a green fluorescent protein (GFP)-
expressing adenovirus (AdGFP), caused near complete depletion 
of Thoc1 RNA and protein three days postinfection (Fig.  4, A 
and B). AdCre infection had no effect on Thoc1 RNA or protein 
in PrT+ cells as expected, because these cells lack floxed Thoc1 
alleles.

Proliferation of AdCre-infected PrT- cells were similar to 
AdGFP-infected cells for up to four days postinfection, but 
then declined (Figure  4C). These differences were statistically 
significant (analysis of variance P < .001). AdCre-infected PrT- 
also exhibited reduced clonogenic growth (Figure 4D). Despite 
these effects, the fraction of PrT- cells incorporating BrdU dur-
ing a pulse label was similar after AdCre or AdGFP infection 
(Figure  4E). The cell cycle phase distribution was also similar 
(Supplementary Figure  6, available online). Thoc1-depleted 
PrT- did show an increased fraction of cells staining positive 
for the apoptosis marker annexin V beginning five days post–
AdCre infection (Figure 4F). PC-3, DU145, and LNCaP human 
prostate cancer cell lines were depleted of pThoc1 via siRNA. 
All three showed statistically significantly reduced accumula-
tion of viable cells compared with control siRNA transfections 
(Figure 4, G and H). Stable depletion of pThoc1 in PC-3 cells 
using shRNA reduced their clonogenic potential (Figure 4, I and 
J). These observations suggested that both human and mouse 
prostate cancer cells require high levels of pThoc1 to maintain 
growth and viability.

RNA transcript levels were profiled in six independent PrT-

 or PrT+ lines treated with AdCre or AdGFP to explore underly-
ing mechanisms (Supplementary Table 5, available online). Most 
transcripts altered by pThoc1 depletion were highly expressed 
normally (Supplementary Figure  7, available online), consist-
ent with observations in yeast (30). We did not observe statis-
tically significant differences in the expression of androgen 
receptor or androgen-responsive genes. Gene set enrichment 
analysis (31) indicated that 31 of 2445 curated gene sets were 
statistically significantly enriched for genes whose transcript 
levels were highly dependent on pThoc1 (false discovery rate q 
< .05) (Supplementary Table  6, available online). The 31 gene 
sets shared many overlapping members involved in ribosome 
function. The KEGG Ribosome gene set, for example, was the 
most enriched KEGG gene set among genes highly ranked for 
pThoc1 dependency (Figure 5A). The transcript profiling results 
were verified for a subset of ribosomal genes by quantitative 
RT-PCR analysis (Figure 5B). RNA immunoprecipitation analy-
sis indicated that these ribosomal gene transcripts were bound 
by pThoc1 (Figure  5C), and depletion of pThoc1 reduced the 
RNA immunoprecipitation signal demonstrating specificity 
(Figure  5D). This indicates some ribosomal gene transcripts 
were regulated directly by pThoc1.

35S-methionine protein incorporation was measured to test 
whether changes in ribosomal gene expression affected pro-
tein synthesis. 35S-methionine protein incorporation declined 

Table 1. Multivariable analysis of pThoc1 immunostaining and bio-
chemical recurrence*

Variable Hazard ratio (95% CI) P†

pThoc1
 High vs low 1.61 (1.03 to 2.51) .04
Clinical stage
 T>T3a vs T<T1c 5.24 (1.90 to 14.46) .001
 T2b,T2c vs <T1c 1.27 (0.66 to 2.43) .47
 T2a vs <T1c 1.30 (0.78 to 2.16) .31
Biopsy Gleason score
 >7 vs <7 4.99 (2.65 to 9.40) <.001
 =7 vs <7 2.64 (1.62 to 4.32) <.001
Pretreatment PSA, ng/mL
 >20 vs <10 2.98 (1.62 to 5.48) <.001
 10–20 vs <10 1.11 (0.63 to 1.98) .72

* The Cox regression model was fit using Firth’s penalized likelihood. 
CI = confidence interval; PSA = prostate-specific antigen.

† P value is calculated as a two-sided Type III test.
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by about 25% in AdCre-infected PrT- relative to AdGFP-
infected cells, but was unchanged in AdCre- or AdGFP-infected 
PrT+ (t test P < .001) (Figure  6A). Decreased protein synthe-
sis was expected to induce additional stress like autophagy (32). 
Autophagy increased in pThoc1-depleted prostate cancer cells, 
as indicated by the LC3B-II marker (Figure 6B) (33). The rate 

of conversion to LC3B-II increased, as revealed by a pulse treat-
ment with chloroquine that blocks autophagosome processing. 
Since PrT lack Trp53- and Rb1-dependent cell cycle checkpoints 
triggered normally in response to reduced biosynthesis (34–36), 
pThoc1-depleted PrT were predicted to decline in size as they 
divided. Consistent with this prediction, the diameter of PrT 
cells decreased upon Thoc1 loss (t test P = .01) (Figure 6C).

Discussion
The data presented here demonstrate that Thoc1 is required 
for tumorigenesis in an autochthonous mouse model of aggres-
sive prostate cancer. Strong biological selection for retention of 
a nonredundant function provided by pThoc1 is apparent, as 
mouse prostate tumors invariably retain undeleted Thoc1 alleles 

Figure  2. Thoc1 deletion in a mouse model of prostate cancer. A) 
Tissue sections containing benign epithelium, mPIN lesions, or pros-
tate tumors were immunostained for pThoc1. Scale bars represent 50 
microns. B) Thoc1 protein levels were analyzed by western blotting in 
normal (N) or tumor-bearing prostate tissue (T) in the Rb1/Trp53 mouse 
model of prostate cancer. Actin is the protein loading control. C) The 
cumulative survival of mice of the indicated genotypes is shown. The 
Thoc1- cohort includes 23 mice while the Thoc1+ cohort includes 22 
mice. D) Western blot analysis of pThoc1 in representative prostate 
tumors (T) from Thoc1- mice. Normal brain tissue (B) serves as a posi-
tive control. Actin is the protein loading control. E) Polymerase chain 
reaction genotyping of the unrecombined (F) or recombined (R) floxed 
alleles for the indicated genes is shown. The DNA was extracted from 
the tail (Ta) or from prostate tumor cells (PrT). The upper and lower pan-
els are samples from two different Thoc1- mice. The prostate tumor cells 
retain at least one unrecombined floxed Thoc1 allele. F) Western blot 
analysis of Cre recombinase levels in normal ventral prostate tissue 
from one wild-type mouse lacking the PB-Cre4 transgene (lane 1, nega-
tive control), uninvolved ventral prostate tissue from one Thoc1- mouse 
(lane 2, positive control), prostate tumors from two Thoc1+ mice (lanes 
3, 7) or three Thoc1- mice (lanes 4, 5, 6). Hsp70 is the protein loading 
control. G) A cohort of 20-week-old mice with the indicated genotypes 
was sacrificed and prostate histopathology examined by serially sec-
tioning through the entire gland. Each mouse was scored based on the 
most advanced neoplastic lesion detected. The fraction of mice scored 
in each category is indicated. The sample size is shown within the bar. H) 
Prostate tissue sections from mice of the indicated genotypes contain-
ing mPIN lesions were immunostained for pThoc1. The boxes highlight 
the region magnified in the lower panels. Arrows indicate pThoc1 posi-
tive cells. The scale bars represent 50 microns.

Figure 3. Effects of Thoc1 deficiency on normal prostate tissue. A) The mean 
genitourinary tract wet weight, relative to total body mass, from five mice 
for each of the indicated genotypes (Thoc1F/F= Thoc1F/F:PB-Cre4) was meas-
ured. The error bars represent the standard deviation. B) Tissue sections 
from the lateral prostate of 36-week-old mice of the indicated genotypes 
were stained with hematoxylin and eosin. The boxes represent the area 
magnified in the lower panels. Scale bars represent 500 (upper panels) or 
50 (middle and lower panels) microns. Similar results were observed for all 
lobes of the prostate. C) Thoc1 RNA expression was assayed in prostate tis-
sue from mice of the indicated genotypes by quantitative reverse transcrip-
tion–polymerase chain reaction. The data represent the signal from a primer 
pair targeting the Cre deleted region of Thoc1 transcript relative to a primer 
pair targeting a region outside the deleted region. Each bar represents 
the result from a single mouse analyzed in triplicate with error bars as the 
standard deviation. The results are normalized to the first control mouse. D) 
Western blotting was used to analyze pThoc1 levels in Thoc1- (lanes 1–3) or 
Thoc1+ (lanes 4–6) mice. Each lane represents prostate tissue extract from 
a single mouse. Actin serves as a protein loading control. E) Prostate tis-
sue sections from mice of the indicated genotypes were immunostained 
for pThoc1. The boxes represent the area magnified in the lower panels. The 
arrow highlights a cell with no detectable pThoc1 immunostaining. Scale 
bars represent 50 microns. F) The wet weight of dissected anterior, ventral, 
lateral, or dorsal prostate lobes, relative to total body mass, from mice of 
the indicated genotype is shown. Each bar represents the mean and stand-
ard deviation from three to four mice. G) Prostate tissue from Thoc1H/H (lanes 
1–3) and control (lanes 4–6) mice were analyzed by western blotting as in D. 
AP = anterior prostate; DP = dorsal prostate; LP = lateral prostate; VP = ven-
tral prostate.
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despite complete Cre-mediated deletion of the four Rb1/Trp53 
alleles necessary to initiate tumorigenesis. Thoc1 knock down 
in human prostate cancer cell lines suggests requirements in 
humans and mice are similar. In contrast to prostate cancer, 
Thoc1 deletion does not detectably alter normal mouse prostate 
size, histology, or homeostasis.

Potential limitations of these experiments include the slow 
turnover of prostate tissue and that Cre expression, and thus 
Thoc1 deletion, does not occur in all prostate epithelial cells. 
Thus, we cannot exclude the possibility that Thoc1 deletion 
affects some normal prostate epithelial cells over a longer period 
of time.

The mechanistic basis for this differential effect on normal 
and neoplastic prostate epithelium is not entirely clear, but the 
data presented indicates that pThoc1 loss adversely affects the 

Figure  5. Effects of Thoc1 deficiency on ribosomal gene expression. A) 
The graph shows the results of gene set enrichment analysis for the KEGG 
Ribosome gene set. The X axis is the ranked list of genes with those to the 
left decreasing most upon pThoc1 depletion. The Y axis shows the running 
enrichment score. The tick marks show the position of gene set members 
within the ranked list. B) Microarray results were verified by quantitative 
reverse transcription–polymerase chain reaction (RT-PCR) for the indicated 
genes. Each data point measures the relative fold change between AdCre- 
and AdGFP-treated PrT of the indicated genotype from an independent 
experiment. Cd44 transcript levels are not affected by pThoc1 depletion 
and were used as the endogenous control. Bars represent the mean and 
standard deviation. Relative expression is statistically significantly differ-
ent between PrT+ and PrT- where indicated by asterisks (t test P < .001). 
C) The graph shows the results of RNA immunoprecipitation analysis of 
pThoc1. Extracts from PrT+ were immunoprecipitated with Thoc1 or nonim-
mune (IgG) antibody, and the copurifying RNA analyzed for the presence 
of the indicated gene transcripts by quantitative RT-PCR. The columns show 
the mean and standard deviation of signal as % input for five independent 
experiments. Asterisks indicate statistically significant differences between 
Thoc1 and IgG signal (t test P < .05). RNA polymerase I 47S preribosomal 
RNA serves as a negative control. D) The graph shows RNA immunopre-
cipitation analysis as in (C) for AdCre (Cre)- or AdGFP (GFP)-treated PrT- for 
three independent experiments. All statistical tests were two-sided.

Figure  4. Effects of Thoc1 deficiency on prostate tumor cell viability 
in vitro. A) PrT+ or PrT- were treated with AdCre or AdGFP and Thoc1 
RNA levels measured by quantitative reverse transcription–polymerase 
chain reaction as in Figure 3. The graph shows RNA levels of AdCre-
treated cells relative to AdGFP-treated control cells. Each bar repre-
sents data from one biological replicate for a different PrT cell line. B) 
Thoc1 protein levels were measured by western blotting. PrT+ or PrT- 
were untreated (-), treated with AdCre (C), or treated with AdGFP (G). 
Actin is the protein loading control. The results are representative of 
three independent PrT cell lines for each genotype. C) PrT+ or PrT- were 
treated with AdCre or AdGFP and cell numbers counted over time. The 
graph shows the number of AdCre-treated cells relative to the number 
of AdGFP-treated cells. Each column represents the mean and standard 
deviation for six independent experiments with two independent PrT 
cell lines. D) Equal numbers of viable PrT+ or PrT- treated with either 
AdGFP (gfp) or AdCre (cre) were plated at low density. Cells were fixed 
and colonies counted nine days later. Each twelve-well plate shows 
results of an independent PrT cell line. The results are representative 
of two or more independent experiments. E) PrT+ or PrT- were treated 
with AdCre or AdGFP and pulse labeled with BrdU at the indicated time 
subsequent to infection. The graph shows the percentage of BrdU-
positive AdCre-treated cells relative to AdGFP-treated cells. Data for 
each bar is the mean and standard deviation from four to five independ-
ent experiments. F) PrT+ or PrT- were treated as in (E) and the percent-
age of annexin V–positive AdCre-treated cells relative to AdGFP-treated 
cells is shown. Each bar represents the mean and standard deviation 
for three to four independent experiments. The asterisk denotes a sta-
tistically significant difference (t test P = .02). G) The indicated cell lines 
were transfected with siRNA targeting THOC1 or a scrambled control. 
The number of viable cells was counted three days later. The graph 
shows the mean and standard error for three biological replicates, each 
performed in triplicate. The P value of the Student’s t test is indicated for 
each line (*<.005, †<.05). H) The indicated cell lines treated as in (G) with 
Thoc1 targeted siRNA (+) or scrambled control siRNA (-) were analyzed 
for pThoc1 by western blotting. Actin is the protein loading control. I) 
PC-3 cultures were infected with a pool of lentivirus expressing three 

shRNA targeting different regions of the THOC1 transcript (shThoc1), or 
with an empty vector control virus and were plated at low density to 
assess clonogenic growth as in (D). J) PC-3 cells treated as in (I) and 
pThoc1 levels measured by western blotting. Actin is the protein load-
ing control. All statistical tests were two-sided.
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expression of some ribosomal genes and inhibits protein synthe-
sis. Large numbers of ribosomes are required to support rapid cell 
growth and proliferation that is characteristic of aggressive pros-
tate cancer (37–42). We speculate that increased pThoc1 is neces-
sary in aggressive prostate cancer to support high-level ribosome 
production. Consistent with this idea, cancer cells are also uniquely 
affected by other proteins known to regulate protein synthesis 
like mTOR (43) or RNA polymerase I  (44). Similarly, increased 
demand for pThoc1 could be exploited therapeutically by identify-
ing drugs that inhibit it.

Of more immediate potential clinical relevance, however, is the 
possibility of using pThoc1 as a biomarker to predict prostate can-
cer phenotype. As cell turnover is slow in indolent prostate cancer, 
biosynthetic demand and pThoc1 levels are low. As prostate cancer 
cells progress toward increasingly aggressive malignancy, pThoc1 
levels are predicted to rise to support the increased production 
of ribosomes necessary for increased cell growth. Our analysis of 
human prostate cancer patient specimens supports this predic-
tion. pThoc1 immunostaining increases with increasing prostate 
cancer aggressiveness and is higher in prostate cancers that will 
eventually progress to recurrent disease. Importantly, pThoc1 lev-
els predict recurrence even after adjusting for other prognostic 
criteria in current use. Based on these results, pThoc1 may provide 
independent prognostic information that improves the identifica-
tion of aggressive prostate cancers. pThoc1 is complementary to 

a recently identified three-protein panel that identifies indolent 
prostate cancer (45). Immunohistochemical staining of prostate 
biopsies using such biomarkers may thus increase the accuracy 
of assigning patients to active surveillance vs immediate therapy, 
thereby reducing overtreatment. A limitation of this study is reli-
ance on a single cohort of patients undergoing radical prostatec-
tomy. Analysis of additional and independent cohorts of prostate 
cancer patients, particularly the analysis of biopsy specimens, 
will be required to confirm the utility of pThoc1 as a prognostic 
biomarker.

While the results presented here are germane to prostate cancer, 
a differential requirement for pThoc1 in normal and neoplastic tis-
sue may extend to other tissues. pThoc1 depletion adversely affects 
growth and viability of cell lines established from other types of 
cancer (11,15,18,19), and we have previously shown that fibroblasts 
are less sensitive to pThoc1 depletion than their oncogene trans-
formed derivative (19). The viability and normal development of 
hypomorphic Thoc1 mice indicates that normal tissues beyond the 
prostate are also relatively insensitive to pThoc1 deficiency (13). 
However, some normal tissues like the small intestine are clearly 
affected by Thoc1 deletion (46). Thus the effects of pThoc1 defi-
ciency are context dependent. A  more systematic analysis of the 
requirements for pThoc1 in other cancer types will be required 
to test whether the observations reported here are relevant more 
generally to cancer or whether they are unique to prostate cancer.

Cancer cells acquire genetic alterations that endow them with 
unwanted malignant properties, but also handicap them with 
unique vulnerabilities (47). Thus, cancer cells can become uniquely 
dependent on nononcogenes (48), genes that support the unique 
demands of the malignant state but that are not directly involved in 
initiating neoplastic transformation. Few nononcogenes have been 
identified to date, but this study demonstrates that Thoc1 qualifies 
as one. Ribonucleoproteins like pThoc1, therefore, may be a novel 
source of molecular targets potentially useful for the assessment 
and treatment of cancer.
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