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Inactivation of the retinoblastoma gene (RB1) product, pRB, is
common in many human cancers. Targeting downstream effectors
of pRB that are central to tumorigenesis is a promising strategy to
block the growth of tumors harboring loss-of-function RB1 muta-
tions. One such effector is retinoblastoma-binding protein 2 (RBP2,
also called JARID1A or KDM5A), which encodes an H3K4 demeth-
ylase. Binding of pRB to RBP2 has been linked to the ability of
pRB to promote senescence and differentiation. Importantly, ge-
netic ablation of RBP2 is sufficient to phenocopy pRB’s ability to
induce these cellular changes in cell culture experiments. More-
over, germline Rbp2 deletion significantly impedes tumorigene-
sis in Rb1+/− mice. The value of RBP2 as a therapeutic target in
cancer, however, hinges on whether loss of RBP2 could block the
growth of established tumors as opposed to simply delaying
their onset. Here we show that conditional, systemic ablation
of RBP2 in tumor-bearing Rb1+/− mice is sufficient to slow tumor
growth and significantly extend survival without causing obvi-
ous toxicity to the host. These findings show that established
Rb1-null tumors require RBP2 for growth and further creden-
tial RBP2 as a therapeutic target in human cancers driven by
RB1 inactivation.

genetically engineered mouse models | cancer | KDM5A | epigenetics |
JARID1A

The pRB tumor suppressor protein, which is encoded by ret-
inoblastoma gene RB1, governs diverse cellular processes and

cell fate decisions (1), including cell cycle progression (2–4),
differentiation (5–8), and senescence (9, 10), that together serve
to prevent aberrant cell-autonomous growth and division. pRB
function is suppressed via direct phosphorylation by cyclin-
dependent kinases (CDK) (11) and stimulated by endogenous
CDK inhibitors (CDKi). Many human tumors have mutually ex-
clusive mutations of RB1 or the genes encoding these upstream
regulators, leading to a loss of pRB tumor suppressor activity.
Biallelic loss-of-function RB1 mutations are the signature event in
retinoblastomas and are also observed in virtually all small cell
lung cancers (12) as well as a significant fraction of prostate,
breast, and bladder cancers (1). Retinoblastomas and small cell
lung cancers are neuroendocrine tumors and loss of pRB has also
been linked to the acquisition of neuroendocrine features in non-
small cell lung cancer (13–15) and prostate cancer (16). Interestingly,
Rb1+/− mice spontaneously develop neuroendocrine tumors of
the prostate and thyroid glands (17, 18).
The canonical function of pRB relates to its ability to bind

to members of the E2F transcription factor family. pRB/E2F

complexes actively repress the transcription of genes required for
cell-cycle progression, especially at the G1/S transition. pRB also
binds to the RBP2 H3K4 demethylase and, in so doing, promotes
differentiation and senescence in certain models (19). RBP2,
unfettered by pRB, prevents senescence and differentiation (20),
stimulates invasion and metastasis (21, 22), and promotes drug
resistance (23).
Germline inactivation of Rbp2 is tolerated in mice on a mixed

genetic background (24). Given the mounting evidence that
RBP2 functions as an oncogene, we previously crossed such mice
with Rb1+/− mice (20). Remarkably, loss of even one Rbp2 allele
significantly delayed the onset of pituitary and thyroid tumors in
Rb1+/− mice and a significant fraction of Rb1+/− mice lacking
both Rbp2 alleles did not develop overt tumors and had normal
lifespans.

Significance

Developing therapeutic strategies for tumors driven by tumor
suppressor gene inactivation, as opposed to oncogene activa-
tion, represents a significant challenge in oncology. While
restoration of tumor suppressor functionality is generally not
feasible, inhibiting proteins that act downstream of lost tumor
suppressors represents one strategy to overcome this chal-
lenge. In this study, we applied this concept to the tumor
suppressor gene retinoblastoma 1 (RB1). The RB1 gene product,
pRB, associates with the RBP2 histone demethylase and RBP2 is
deregulated in RB1-null cancers. Here, we show that genetic
ablation of RBP2 in established, autochthonous pRB-defective
murine tumors retards their growth and enhances mouse sur-
vival. Our findings provide a further rationale for the devel-
opment and testing of pharmacological RBP2 inhibitors for
cancer treatment.
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This study did not address, however, the requirement for
RBP2 in tumor maintenance as opposed to tumor initiation. This
distinction is clearly critical with respect to the likelihood that
pharmacologically inhibiting RBP2 will lead to therapeutic out-
comes in patients with pRB-defective cancers. To this end, we
used Rb1+/− mice carrying conditional Rbp2 alleles and a trans-
gene encoding the tamoxifen-inducible recombinase Cre–ER to
test the effects of RBP2 ablation on the growth of autochthonous
pituitary and thyroid tumors arising in these mice. Furthermore,
we assessed whether acute systemic RBP2 inactivation in adult
mice causes toxicity in normal tissues, with a particular focus on
potential implications for cardiac function, given earlier studies
linking RBP2 and altered H3K4 methylation to congenital car-
diac defects (25).

Results
To test the effects of genetic RBP2 ablation on tumor growth
and maintenance in Rb1+/− mice, we used a previously described
conditional Rbp2 allele that features loxP sites flanking exons
5 and 6 that permits Rbp2 inactivation after Cre recombinase-
mediated recombination (24). We first designed qPCR assays to
distinguish the null and conditional Rbp2 alleles so that we could
assess recombination efficiencies for this locus in various tissues
and validated that these assays were specific and quantitative
using predefined mixtures of genomic DNA isolated from mouse
embryonic fibroblasts (MEFs) derived from Rbp2lox/lox mice that
did or did not express Cre recombinase during embryogenesis
(Fig. S1 A and B).
Next, through appropriate matings, we created Rbp2lox/lox;

Cre–ER mice on a C57BL/6 background that ubiquitously ex-
press a Cre–ER fusion protein that can be activated by admin-
istration of tamoxifen. We then treated them with tamoxifen
daily by oral gavage for 5 d and euthanized them 6 d later (26).
Mice lacking the Cre–ER fusion or treated with vehicle rather
than tamoxifen were tested in parallel as negative controls. Ta-
moxifen treatment caused nearly complete conversion of the
conditional Rbp2 allele to the null allele in a Cre–ER-dependent
manner in glands that give rise to tumors in Rb1+/− mice (pitu-
itary and thyroid, Fig. 1 A–D) and in other tissues, including the
heart (Fig. S1 C and D). Conversion of the conditional Rbp2
allele to the null allele corresponded with suppression of
RBP2 protein expression in both pituitary and heart tissues (Fig.
1E and Fig. S1E). Thus, our experimental approach enables in-
ducible, near-complete Rbp2 deletion in diverse tissues in adult
mice within a timeframe of 2 wk.
Rbp2−/− mice on a pure C57BL/6 background die perinatally,

associated with cardiac septal defects, while mice on a mixed
background are viable, born at the expected Mendelian ratios,
and have no gross phenotypes (24), suggesting that much of the
toxicity of RBP2 loss is related to strain-specific effects in pure-
bred mice. However, the phenotypes of such germline knockouts
can be confounded by developmental compensation by paralo-
gous genes and do not necessarily predict the consequences of
acute gene inactivation in somatic adult tissues. In this regard,
Rbp2 has several paralogs, including Kdm5b, Kdm5c, and
Kdm5d, which encode the demethylases PLU-1, SMCX, and
SMCY, respectively. Moreover, pituitary tumors that arise in
Rbp2−/−; Rb1+/− mice display elevated expression of PLU-1,
providing a precedent for compensation by other H3K4 his-
tone demethylases (20). To evaluate the safety of systemic, acute
RBP2 suppression in adult mice, we measured the weights of
Rbp2lox/lox; Cre–ER mice as a surrogate for gross toxicity following
tamoxifen administration. Mice treated with tamoxifen showed no
significant decline in body weight over a 30-d period relative to
pretreatment measurements or compared with corn oil-treated
mice that served as controls, suggesting that acute Rbp2 deletion
is well tolerated in adult mice (Fig. S2A).

We specifically evaluated cardiac function in tamoxifen-
treated Rbp2lox/lox; Cre–ER mice, given the cardiac septal defects
observed in some Rbp2−/− mice on a C57BL/6 genetic back-
ground (24) and a recent study linking mutations in histone-
modifying genes, including RBP2 and KDM5B, with congenital
heart disease (25). Echocardiography revealed no changes in
ejection fraction (EF) or fractional shortening (FS) of the hearts
of tamoxifen-treated animals versus oil-treated controls and
histological examination of heart tissues showed no gross mor-
phological differences between the two cohorts (Fig. S2 B–D and
Movies S1 and S2). We also examined whether acute, whole-
body Rbp2 deletion induces renal, hepatic, or hematologic tox-
icities. We first surveyed various tissues and found that
RBP2 expression was ablated in brain tissue (Fig. S3A) and white
blood cells (WBCs) (Fig. S4A) in tamoxifen-treated Rbp2lox/lox;
Cre–ER mice compared with tamoxifen-treated Rbp2lox/lox con-
trols, whereas baseline RBP2 expression was undetectable in
mouse liver and kidney (Fig. S3B). Serum chemistry and com-
plete blood count (CBC) analyses did not reveal signs of toxicity
following Rbp2 deletion with the exception of modest, nominally
statistically significant decreases in serum cholesterol and total
WBCs (Figs. S3C and S4B). Importantly, platelet counts were

Fig. 1. Inducible deletion of Rbp2 in vivo. (A–D) qPCR-based allelic fre-
quency assays for the Rbp2 null allele in normal pituitary (A) and thyroid
tissues (C) and for the Rbp2 floxed allele in normal pituitary (B) and thyroid
tissues (D) from Rbp2lox/lox and Rbp2lox/lox; Cre–ER mice. Mice were treated
with tamoxifen or corn oil by oral gavage daily for 5 consecutive days. Pi-
tuitary and thyroid glands were harvested for gDNA extraction 10 d after
the first dose. (E) RBP2 immunoblot in pituitary tissues harvested from
Rbp2lox/lox and Rbp2lox/lox; Cre–ER mice. Mice were treated with tamoxifen or
corn oil and tissues were harvested as in A–D. For A–D, n ≥ 3 and data
presented are means ± SD.
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not significantly reduced and WBC counts did not drop below
the reported normal range for mice, indicating that Rbp2 de-
letion does not cause significant bone marrow suppression.
Taken together, these data demonstrate that acute RBP2 sup-
pression is not grossly toxic to adult mice.
To test the effects of RBP2 ablation on the growth of estab-

lished tumors driven by Rb1 inactivation, we created mice,
through appropriate breedings, that were Rbp2lox/lox; Rb1+/−;
Cre–ER or Rbp2+/+; Rb1+/−; Cre–ER and monitored their pitui-
tary and thyroid tumor development by monthly MRI that began
when they were 5 mo old (Fig. 2). Once tumors were detected,
the mice were given five consecutive daily doses of tamoxifen to
activate Cre–ER and selectively delete Rbp2 in the Rbp2lox/lox

cohort. The Rbp2+/+; Rb1+/−; Cre–ER mice served as important
controls for nonspecific effects related to Cre activation, which
can induce a DNA damage response, and other tamoxifen effects
unrelated to Cre activation. Importantly, no significant differ-
ences were observed between the two cohorts with respect to age
or tumor size at the time tamoxifen treatment was initiated (Fig.
S5 A, E, and F). Ratios of males to females deviated slightly from
1:1 in both cohorts, with a higher ratio seen in the Rbp2lox/lox

cohort relative to the Rbp2+/+ cohort (Fig. S5B), although this
difference was not statistically significant (P = 0.37). For most of
the mice the first tumor detected, and hence the indication for
tamoxifen, was a thyroid tumor with or without a concurrent
pituitary tumor. More Rbp2+/+ mice had pituitary tumors at ta-
moxifen initiation compared with the Rbp2lox/lox cohort (10 ver-
sus 6 mice, respectively) and fewer Rbp2+/+ mice had thyroid
tumors at enrollment relative to the Rbp2lox/lox cohort (15 versus
19 mice, respectively) (Fig. S5 C and D). After the initial 5 d of
tamoxifen therapy mice continued to receive tamoxifen doses
once per week for the remainder of the study in an effort to
prevent emergence of RBP2-positive tumor cells in the Rbp2lox/lox

cohort. Mice underwent MRI at 2, 4, 6, 10, and 14 wk after en-
rollment to quantify tumor volume. Mice were monitored fre-
quently and euthanized when they appeared moribund, distressed,
or lost more than 25% of their body weight. Endpoints for the
study included tumor growth and survival.
Genetic ablation of RBP2 in thyroid tumors potently attenu-

ated tumor growth and, in a few cases, induced dramatic tumor
regression (Fig. 3B). In the Rbp2+/+ cohort, 10 of 14 mice dis-
played steadily increasing tumor burden, as quantified by MRI,
with volumes surpassing 30 mm3 in the 14 wk following tamox-
ifen treatment, albeit with wide variation in the growth rates of

individual tumors (Fig. 3 A and C). In contrast, tamoxifen treat-
ment strongly suppressed tumor growth in 11 of 17 Rbp2lox/lox mice
(“responders”), with only 6 of 17 mice displaying thyroid tumor
burden volumes exceeding 30 mm3 (“nonresponders”) over the
same time period (Fig. 3 B and D). Five of the 17 thyroid tumors
in the Rbp2lox/lox mice grew rapidly and surpassed 80 mm3 in
volume over the course of 14 wk. In subsequent immunohisto-
chemistry (IHC) analyses, we found that two of these five tumors
displayed residual RBP2 expression (Fig. S8) that likely accounts
for their rapid growth. In the three remaining tumors, we found
that RBP2 expression was completely abolished, implying these
tumors were truly resistant to RBP2 loss. Between 2 and 14 wk
after treatment, multiple Rbp2lox/lox mice displayed substantial
thyroid tumor shrinkage, including one tumor that nearly com-
pletely resolved by week 10 (Fig. 3B, Lower). Altogether, there
was a significant difference in thyroid tumor growth kinetics
between the Rbp2+/+ and Rbp2lox/lox cohorts, translating to
an approximately sixfold reduction in median tumor volume 14 wk
after treatment initiation in the latter group of mice relative to the
former (Fig. 3E).
Although fewer mice were enrolled in the study bearing pi-

tuitary tumors compared with thyroid tumors, a clear trend was
observed between RBP2 loss and pituitary tumor inhibition. In
the Rbp2+/+ cohort, six of eight mice (75%) showed evidence of
continued pituitary tumor growth in the weeks following ta-
moxifen treatment and harbored tumors surpassing 30 mm3 in
volume at the final imaging time point. A similar pattern was
seen in only two of five mice (40%) in the Rbp2lox/lox cohort (Fig.
4 A–D). In contrast to thyroid tumors, pituitary tumors did not
significantly regress in Rbp2lox/lox mice. Rather, three of five mice
in this cohort showed disease stabilization in the 10 wk following
tamoxifen treatment. There was a clear trend toward decreased
pituitary tumor growth rates in Rbp2lox/lox mice compared with
Rbp2+/+ mice, resulting in decreased median tumor volumes
from 4 to 14 wk after induction of tamoxifen treatment. This
effect approached but did not reach statistical significance (P =
0.114), presumably because of the low number of mice with
measurable pituitary tumors at the time of study enrollment (Fig.
4E). The antitumor effects of RBP2 ablation described above
translated to significantly longer survival of Rbp2lox/lox; Rb1+/−;
Cre–ER mice relative to Rbp2+/+; Rb1+/−; Cre–ER mice following
tamoxifen treatment (Fig. 5A). Median overall survival times in
the Rbp2+/+ and Rbp2lox/lox cohorts were 108 d and 153 d, re-
spectively, an increase of more than 40% in the latter group.
Interestingly, RBP2 ablation appeared to prolong survival in
tumor-bearing female mice to a greater extent than in tumor-
bearing male mice (Fig. S6).
We considered the possibility that the effects of RBP2 in-

activation on tumor growth might be diluted if a considerable
number of tumor cells escaped Rbp2 recombination and domi-
nated the tumors over time. To address this, we assayed RBP2
expression in tumor samples derived from mice at the time of
euthanizing by IHC. First, we confirmed that our IHC assay was
specific for RBP2 by testing normal pituitary and brain tissue
samples harvested from tamoxifen-treated Rbp2lox/lox and
Rbp2lox/lox; Cre–ER mice. Consistent with previous tissue im-
munoblots (Fig. 1E and Fig. S3A), IHC analysis revealed nearly
complete loss of RBP2 expression in both normal pituitary and
brain tissues derived from Rbp2lox/lox; Cre–ER mice, but not
Rbp2lox/lox controls (Fig. S7). Importantly, RBP2 IHC in Rbp2lox/lox;
Rb1+/−; Cre–ER and Rbp2+/+; Rb1+/−; Cre–ER tumor tissue
samples showed that potent RBP2 suppression was observed in
pituitary and thyroid tumors in 13 of 15 Rbp2lox/lox mice at the
time of euthanizing (Fig. 5B). However, two thyroid tumors
from nonresponder mice displayed persistent RBP2 expression
in a fraction of tumor cells (Fig. S8). Residual RBP2 expression
was not observed in thyroid tumors from responder mice (Fig.
S8), suggesting that incomplete Rbp2 recombination may have

Fig. 2. Schema of experimental design for inducible deletion of Rbp2 in
tumors of Rb1+/− mice. C57BL/6 mice of the indicated genotypes began
monthly MRI at 5 mo of age to detect the development of pituitary and
thyroid tumors. Once tumors were detected, the mice were administered
tamoxifen (Tam) by oral gavage on 5 consecutive days. MRI scans were
performed 2, 4, 6, 10, and 14 wk after initiation of tamoxifen treatment to
quantify tumor volume. Additional doses of tamoxifen were given once per
week until mice were euthanized due to tumor burden.
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compromised the antitumor response to RBP2 ablation in a
subset of the mice and caused an underestimation of the sur-
vival benefit associated with this intervention. We also con-
firmed loss of pRB expression in tumors (Fig. 5B) relative to
normal pituitary and thyroid tissues (Fig. S9), thereby validat-
ing previous studies linking Rb1 loss of heterozygosity to tu-
morigenesis in Rb1+/− mice (17, 18).
To ask whether RBP2 ablation causes global up-regulation of

H3K4me3 marks, we performed IHC analysis of thyroid tumors
collected from tamoxifen-treated Rbp2lox/lox; Rb1+/−; Cre–ER
and Rbp2+/+; Rb1+/−; Cre–ER mice at the time of euthanizing.

Interestingly, H3K4me3 levels were dramatically induced by
RBP2 ablation in the responder mice but were unaffected in
nonresponder mice relative to Rbp2 wild-type controls (Fig. 5 C
and D). This failure to affect H3K4me3 tumor levels in non-
responder mice occurred even in tumors where RBP2 expression
was undetectable, suggesting that resistance in some tumors was
mediated by alternative regulators of H3K4 methylation. To
begin to address the potential roles of RBP2 paralogs in this
regard, we profiled expression of SMCX (encoded by Kdm5c) in
the same series of tumors and found that levels of this histone
demethylase were not induced by RBP2 ablation and were not

Fig. 3. Rbp2 deletion retards the growth of established Rb1-null thyroid tumors. (A and B) Representative MRIs of thyroid tumors in Rbp2+/+; Rb1+/−; Cre–ER
(A) and Rbp2lox/lox; Rb1+/−; Cre–ER (B) mice before (0 wk) and 2, 4, 6, and 10 wk after initiation of tamoxifen treatment as outlined in Fig. 2. Red arrows
indicate tumors. (Scale bar: 2 mm.) Imaging results from three mice in each cohort are shown and their unique study IDs are listed at Left. In A, all three mice
had progressive disease. In B, mouse 1J41 had progressive tumor growth, 3A13 had stable disease, and 1E43 had a regression at week 10. (C and D) Thyroid
tumor burden in Rbp2+/+; Rb1+/−; Cre–ER (C) and Rbp2lox/lox; Rb1+/−; Cre–ER (D) mice before and 2, 4, 6, 10, and 14 wk after initiation of tamoxifen treatment
as quantified by MRI. Colored lines represent individual mice. Dashed line indicates 30 mm3 tumor burden and the fraction of mice surpassing and failing to
exceed this threshold is listed for each cohort. Two mice in the Rbp2+/+ cohort had both left and right thyroid tumors at the time of enrollment. In these mice,
tumor burden was calculated by summing the volumes of the two tumors at each time point. (E) Median thyroid tumor burden over time in Rbp2+/+ and
Rbp2lox/lox cohorts represented in C and D. Error bars indicate interquartile range. P value was determined by a mean-based longitudinal mixed-effects model
to accommodate repeated measurements within animals.
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correlated with responder status. Unfortunately, we were unable
to assess the expression of the RBP2 paralogs PLU-1 and SMCY
by IHC with the reagents currently available to us.

Discussion
Prior studies showed that genetic suppression of RBP2 at the
time of tumor cell initiation (20) or tumor cell implantation (22)
could inhibit tumor growth, but did not address the therapeuti-
cally important question of whether there is an ongoing re-
quirement for RBP2 in established tumors. In this study, we
showed that RBP2 suppression exerts robust antitumor effects in
established Rb1−/− thyroid and pituitary tumors in mice. More-

over, we found that acute, systemic RBP2 suppression does not
cause gross toxicity or cardiac dysfunction in adult mice, sug-
gesting that potent RBP2 inhibition will be safe in humans.
Together, these findings should help galvanize ongoing efforts to
discover drugs that inhibit RBP2 and develop them as potential
anticancer agents.
There is mounting evidence that supports a critical role for

RBP2 in a variety of tumors, including neuroendocrine tumors.
For example, Maggi et al. (27) recently reported that RBP2 is
overexpressed in neuroendocrine tumors of diverse origin and
that siRNA-mediated inhibition of RBP2 suppressed the pro-
liferation, migration, and invasion of pancreatic and lung

Fig. 4. Rbp2 deletion retards the growth of established Rb1-null pituitary tumors. (A and B) Representative MRIs of pituitary tumors in Rbp2+/+; Rb1+/−; Cre–
ER (A) and Rbp2lox/lox; Rb1+/−; Cre–ER (B) mice before (0 wk) and 2, 4, 6, and 10 wk after initiation of tamoxifen treatment as in Fig. 2. Red arrows indicate
tumors. (Scale bar: 2 mm.) Imaging results from three mice in each cohort are shown and their unique study IDs are listed at Left. In A, mice 2C31 and 2C33 had
progressive disease and mouse 2B43 had stable disease; in B, mouse 1E30 had progressive disease and mice 2J3 and 1J30 had stable disease. (C and D) Pituitary
tumor burden in Rbp2+/+; Rb1+/−; Cre–ER (C) and Rbp2lox/lox; Rb1+/−; Cre–ER (D) mice before and 2, 4, 6, 10, and 14 wk after initiation of tamoxifen treatment
as quantified by MRI. Colored lines represent individual mice. Dashed line indicates 30 mm3 tumor burden and the fraction of mice surpassing and failing to
exceed this threshold is listed for each cohort. (E) Median pituitary tumor burden over time in Rbp2+/+ and Rbp2lox/lox cohorts represented in C and D. Error
bars indicate interquartile range. P value was determined by a mean-based longitudinal mixed-effects model to accommodate repeated measurements
within animals.
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neuroendocrine cancer cell lines. Moreover, our group showed
that germline inactivation of Rbp2 caused a significant delay in
the development of mouse neuroendocrine tumors linked to Rb1
or Men1 deletion (20).
RBP2 has also been reported to be overexpressed in non-small

cell lung (22), gastric (28), and highly metastatic breast cancers
(21). RBP2 suppression is sufficient to cause senescence in gastric
cancer lines (28) and to decrease tumor cell metastasis to the lung
in both xenograft and genetic models of breast cancer (21).
The functional interaction between pRB and RBP2 may in-

dicate tumor contexts in which RBP2 inhibitors would be
expected to display the greatest antitumor activity clinically.
RBP2 was among the first proteins identified to bind to pRB
(29–31) and early studies from our group and others suggested

that the binding of pRB to RBP2 is linked to pRB’s ability to
promote senescence and, in some contexts, differentiation (19).
Importantly, in cell culture models, loss of RBP2 is sufficient to
phenocopy the ability of pRB to promote senescence when
reintroduced into RB1−/− osteosarcoma cells (19) and the ability
of pRB to cooperate with MyoD to promote myogenic differ-
entiation of Rb1−/− mouse embryonic fibroblasts (20), coincident
with an increase in H3K4 methylation. This suggests that pRB
is an RBP2 antagonist, although transcriptional and DNA-
binding studies suggest that the interaction between pRB and
RBP2 is more nuanced (19). Nonetheless, pRB loss dereg-
ulates RBP2 and, therefore, patients with tumors harboring
deletions or inactivating mutations in RB1 would be predicted
to be ideal candidates for treatment with RBP2 inhibitors. In

Fig. 5. Rbp2 deletion in established tumors significantly extends survival of Rb1+/− mice. (A) Kaplan–Meier survival curves of Rbp2+/+; Rb1+/−; Cre–ER and
Rbp2lox/lox; Rb1+/−; Cre–ERmice treated with tamoxifen as in Fig. 2, with day 0 being the first day of tamoxifen treatment. P value was determined by log-rank
test. (B) Immunohistochemical analysis of pituitary and thyroid tumors obtained at necropsy in representative tamoxifen-treated Rbp2+/+; Rb1+/−; Cre–ER and
Rbp2lox/lox; Rb1+/−; Cre–ER mice from the study in A. Serial tumor tissue sections from mice in the indicated cohorts were stained with hematoxylin and eosin
(H&E) and RBP2 and pRB antibodies. (Scale bar: 100 μm.) (C) Immunohistochemical analysis of thyroid tumors obtained at necropsy in representative
tamoxifen-treated Rbp2+/+; Rb1+/−; Cre–ER and Rbp2lox/lox; Rb1+/−; Cre–ER mice from the study in A. Responder status for mice from the Rbp2lox/lox cohort is
indicated and based on tumor growth kinetics as depicted in Fig. 3D. Serial tumor tissue sections were stained with antibodies against RBP2, SMCX, and
H3K4me3 or with H&E. (Scale bar: 1 mm, for 2× magnification main images.) (Scale bar: 50 μm, for 40× magnification Insets.) (D) Quantification of
H3K4me3 staining intensity for a subset of the thyroid tumors from A analyzed as in C. Data presented are means ± SEM; *P < 0.05, **P < 0.01. Two-tailed P
values were determined by unpaired t test. n.s., nonsignificant.
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addition, many RB1+/+ cancers harbor mutations, such as loss of
p16 or amplification of cyclin D1, that promote phosphorylation of
pRB, which disrupts the binding of pRB to RBP2. It is therefore
possible that such tumors, which numerically are more common
than RB1−/− tumors, would also be sensitive to RBP2 inhibitors.
Recently, multiple groups have developed a variety of chem-

ically distinct pharmacological inhibitors of the KDM5 histone
demethylase family (32–40), which includes RBP2, PLU-1,
SMCX, and SMCY. Two inhibitors, YUKA1 and YUKA2,
were developed to selectively inhibit RBP2 (32), whereas other
inhibitors have been developed to more broadly target all
KDM5 family members. One of these inhibitors, CPI-455, in-
hibits all four KDM5 family members with low nanomolar IC50
values in vitro and potently suppresses the emergence of drug-
tolerant persister cancer cells following prolonged exposure to
various anticancer signal transduction inhibitors (33), a process
that has been shown to be KDM5 dependent (23, 41, 42).
It is not yet known whether it would be advantageous to

specifically inhibit KDM5A or whether it would be more desir-
able to inhibit multiple KDM5 family members, given the pos-
sibility of functional redundancy among the paralogs. In this
regard, PLU-1 promotes tumor growth in some models and is
up-regulated in pituitary tumors in Rb1+/−; Rbp2−/− mice (20),
suggesting that it might compensate for RBP2 loss.
In an unplanned subgroup analysis, it appeared that the benefit

of inactivating RBP2 was greater in tumor-bearing female mice
compared with tumor-bearing male mice (Fig. S6). Although this
finding clearly requires validation in an independent set of mice, it
is striking, given that most thyroid tumors in humans occur in
women. Moreover, it raises the intriguing possibility that Kdm5d,
located on the Y chromosome, and Kdm5c, located on the X
chromosome, differ in their ability to compensate for RBP2 loss.
One unresolved issue regarding RBP2 function that could

ultimately determine the clinical utility of RBP2 inhibitors per-
tains to whether specific cellular phenotypes observed following
RBP2 silencing can be specifically ascribed to loss of its catalytic
activity. In addition to its canonical H3K4 demethylase activity,
RBP2 also influences chromatin structure and gene expression
through mechanisms that are independent of its demethylase
activity. In cell culture models, RBP2’s demethylase activity ap-
pears to be important for preventing senescence (20) and pro-
moting the formation of drug persister cells (33). On the other
hand, RBP2’s ability to promote expression of the metastasis-
associated gene TNC (encoding tenascin C) and to promote in-
vasion of the metastatic LM2 breast cancer cell line is not at-
tenuated by an RBP2 missense mutation, H483A, that abrogates
RBP2’s demethylase activity (21, 24). Likewise, overexpression
of the RBP2 H483A mutant stimulates migration, invasion, and
anchorage-independent growth of immortalized pancreatic
islet cells in a manner indistinguishable from the wild-type
protein (27). A caveat to such overexpression studies is that
RBP2 contains the LXCXE motif that was first found in the
SV40 large T, adenovirus E1A, and human papillomavirus
E7 oncoproteins and might, accordingly, sequester a number
of cellular proteins when overexpressed, including other members
of the pRB family. If, however, critical oncogenic effects of
RBP2 activation are confirmed to be independent of its catalytic
activity, alternative therapeutic strategies designed to destabilize
the enzyme may be required to realize the maximal antitumor
response induced by RBP2 suppression.

Materials and Methods
Cell Culture. Rbp2lox/lox and Rbp2−/− MEFs were generated as previously de-
scribed (20, 24). Cells were cultured in DMEM (Gibco, 11995–065) containing
10% FBS and 1% penicillin/streptomycin and maintained in the presence of
5% CO2 at 37 °C.

Rbp2 Allelic Frequency Assays. Genomic DNA extraction from MEFs and tissue
samples was done using the QIAmp DNA Blood Mini Kit (Qiagen, 51106)
according to manufacturer instructions. Tissue samples were homogenized in
PBS using a TissueLyser II (Qiagen).

Allelic frequency qPCR assays were designed to quantify Rbp2 floxed and
null alleles in genomic DNA samples based on the presence and absence of
exons 5 and 6, respectively (24). A control qPCR assay designed to amplify a
genomic DNA sequence common to both alleles (exon 4 and following in-
tron of Rbp2) was used for normalization. Real-time qPCR was performed
using RT2 SYBR Green/ROX qPCR Master Mix (Qiagen). All calculations were
performed using the 2−ΔΔCt method. Standards containing mixtures of
known quantities of gDNA derived from Rbp2lox/lox and Rbp2−/− MEFs were
included in each qPCR run, and null and floxed allele frequencies in exper-
imental samples were calculated relative to these standards. Primer se-
quences are listed in SI Materials and Methods.

Immunoblot Analysis. Detailed descriptions of the processing procedures used
to generate tissue and WBC protein lysates for immunoblot analyses are
provided in SI Materials and Methods. Antibodies used in immunoblot
analyses were: RBP2 (Cell Signaling Technology, 3876) and vinculin
(Sigma, V9131).

Mouse Experiments. All mouse procedures were approved by the Institutional
Animal Care and Use Committee of the Dana-Farber Cancer Institute. All mice
were housed in the animal research facility of the Dana-Farber Cancer In-
stitute in accordance with the National Institutes of Health guidelines (26).
Breeding strategy. Rbp2lox/lox mice and mice harboring the Cre–ER transgene
driven by the CAGG promoter were described previously (20, 24, 43, 44).
Rb1+/− mice were purchased from The Jackson Laboratory. All mice were
backcrossed to C57BL/6 strain for at least five generations. Rbp2lox/lox and
Cre–ER mice were crossed to obtain Rbp2+/lox; Cre–ER mice. These mice were
crossed to Rbp2+/lox mice to generate Rbp2lox/lox; Cre–ER mice. Rbp2lox/lox;
Cre–ER mice were crossed with Rb1+/− mice to produce Rbp2+/lox; Rb1+/−;
Cre–ER progeny. These mice were mated with Rbp2+/lox; Rb1+/− mice to
produce Rbp2lox/lox; Rb1+/−; Cre–ER mice. Finally, Cre–ER mice were crossed
with Rb1+/− mice to yield Rbp2+/+; Rb1+/−; Cre–ER mice.
High-dose tamoxifen treatments. Tamoxifen was administered at a dose of
160 mg/kg via oral gavage (4 mL/kg). For short-term studies in mice without
tumors, tamoxifen was administered on 5 consecutive days. For the long-term
study evaluating the impact of RBP2 suppression in Rb1+/− mice, tamoxifen
was administered on 5 consecutive days starting at the time of tumor detection
and then once per week until each mouse was euthanized due to tumor bur-
den. Additional experimental details are provided in SI Materials and Methods.
Magnetic resonance imaging. MRI details are provided in SI Materials and
Methods.
Survival analysis. Rb1+/− mice were monitored frequently for morbidity asso-
ciated with tumor burden throughout all of the studies described. Mice were
euthanized when they exhibited labored breathing, displayed symptoms of
neurological distress (including poor grooming, circling, hunched posture, and
others), exhibited >25% body weight loss, or became generally moribund.
Pituitary and/or thyroid tumors were harvested immediately after euthanizing.
Of the 24 mice in each cohort that were evaluated for tumor formation via
MRI, four mice (three Rbp2+/+ and one Rbp2lox/lox) were not enrolled in the
study and were excluded from all analyses. All four of these mice were eu-
thanized before tamoxifen treatment commenced: three of them developed
severe dermatitis, and one mouse displayed neurological abnormalities.

Histology and Immunohistochemistry. Tissues were harvested and immedi-
ately fixed for 24 h in 10% formalin in PBS. Tissues were washed with and
stored in 70% ethanol before paraffin embedding. For histologic analyses of
hearts and pituitary/thyroid tumors, paraffin-embedded tissues were sec-
tioned and stained with hematoxylin and eosin (H&E). H&E-stained heart and
tumor tissues were reviewed by pathologists R.T.B. and S.S., respectively. For
immunohistochemistry analyses, antibodies used were: anti-RBP2 (Abcam,
ab194286), anti-pRb (Abcam, ab181616), anti-SMCX (Abcam, ab190181), and
anti-H3K4me3 (Cell Signaling, 9751). Additional experimental details are
provided in SI Materials and Methods.

Statistical Analysis. Statistical analyses were carried out using GraphPad Prism
software and R statistical software. P values for all comparisons other than
those pertaining to tumor growth, survival, and gender composition of
mouse cohorts were calculated by unpaired two-tailed t test. For compari-
sons of two groups with significantly different variances, Welch’s t test was
used. For comparisons of two groups without significant differences in
variances, Student’s t test was used. Differences in tumor growth kinetics

McBrayer et al. PNAS | vol. 115 | no. 16 | E3747

G
EN

ET
IC
S

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716029115/-/DCSupplemental


between Rbp2+/+; Rb1+/−; Cre–ER and Rbp2lox/lox; Rb1+/−; Cre–ER cohorts were
analyzed with a linear mixed-effects model using the R package nlme. Tumors
arising in mice that required euthanizing before the first posttreatment MRI
could be completed and tumors that developed after tamoxifen treatment
were excluded from tumor burden calculations. For the survival study, signif-
icance was determined by log-rank test. Statistical analysis of gender compo-
sition in the Rbp2+/+; Rb1+/−; Cre–ER and Rbp2lox/lox; Rb1+/−; Cre–ER cohorts was
performed using Fisher’s exact test. Statistical significance for all comparisons
was determined using a nominal P value <0.05.
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