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The tumor suppressor p16INK4A inhibits formation of enzymatically
active complexes of cyclin-dependent kinases 4 and 6 (CDK4/6) with
D-type cyclins. Oncogenic stress induces p16INK4A expression, which
in turn triggers cellular senescence through activation of the reti-
noblastoma tumor suppressor. Subversion of oncogene-induced se-
nescence is a key step during cancer development, and many
tumors have lost p16INK4A activity by mutation or epigenetic silenc-
ing. Human papillomavirus (HPV)-associated tumors express high
levels of p16INK4A in response to E7 oncoprotein expression. Induc-
tion of p16INK4A expression is not a consequence of retinoblastoma
tumor suppressor inactivation but is triggered by a cellular senes-
cence response and is mediated by epigenetic derepression through
the H3K27-specific demethylase (KDM)6B. HPV E7 expression causes
an acute dependence on KDM6B expression for cell survival. The
p16INK4A tumor suppressor is a critical KDM6B downstream tran-
scriptional target and its expression is critical for cell survival. This
oncogenic p16INK4A activity depends on inhibition of CDK4/CDK6,
suggesting that in cervical cancer cells where retinoblastoma tumor
suppressor is inactivated, CDK4/CDK6 activity needs to be inhibited
in order for cells to survive. Finally, we note that HPV E7 expression
creates a unique cellular vulnerability to small-molecule KDM6A/B
inhibitors.
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Posttranslational histone modifications, including phosphory-
lation, ubiquitination, acetylation, and methylation, impact

both the physical state and the transcriptional competence of
chromatin. These modifications are dynamic and regulate a va-
riety of cellular processes, such as stem cell maintenance, cell
fate determination and maintenance, cell cycle control, and
epigenetic heritability of transcriptional programs (reviewed in
refs. 1 and 2). Methylation of lysine residues on histones is
modulated by histone lysine methyltransferases (KMTs) and
histone lysine demethylases (KDMs). Although histone lysine
methylation is involved in both transcriptional activation and
repression, histone H3 trimethylation of lysine 27 (H3K27me3)
on gene promoters is crucial for epigenetic silencing mediated by
polycomb group proteins (3–5). The JmjC-domain containing
histone demethylases, KDM6A (UTX) and KDM6B (JMJD3)
remove this repressive mark, allowing for transcriptional acti-
vation (6–10). Although KDM6A and KDM6B appear identical
with regards to catalytic activities and histone substrate specif-
icities, they have a number of nonoverlapping and nonredun-
dant biological activities. KDM6B—but not KDM6A—regulates
RAS/RAF-mediated oncogene-induced senescence (OIS) (11,
12). OIS was originally described as a cell-abortive response to
ectopic RAS oncogene expression in normal human cells. It is
now recognized that OIS represents one of several cell-intrinsic
tumor-suppressor responses that function to eliminate aberrantly
proliferating, potentially premalignant cells. Evidence for OIS
has been detected in premalignant lesions, including prostatic
intraepithelial neoplasia, melanoma, colon adenoma, and lung
adenoma (13–15). It represents a major barrier to malignant
progression, and additional genetic or epigenetic lesions are
necessary for progression to invasive cancer. Consistent with this

notion, frank tumors contain lower numbers of senescent cells
than premalignant lesions (15).
The retinoblastoma tumor suppressor (pRB) is a key mediator

of OIS. Activation of pRB in response to OIS occurs through
transcriptional induction of the cyclin-dependent kinases 4 and 6
(CDK4/6) inhibitor and tumor suppressor p16INK4A. In normal
cells p16INK4A transcription is epigenetically repressed through
a polycomb repressive complex-dependent mechanism (16). OIS
causes KDM6B-mediated H3K27 demethylation and increased
p16INK4A expression, which in turn causes G1 arrest and senes-
cence through activation of the pRB tumor suppressor (11, 12).
Presumably to inactivate OIS, p16INK4A is frequently mutated or
silenced by CpG methylation in human tumors. However, some
human cancers—most notably those caused by infections with
high-risk human papillomaviruses (HPVs),—express p16INK4A at
high levels. We have previously shown that the HPV16 E7 on-
coprotein triggers p16INK4A expression through an OIS-related
mechanism that involves KDM6B-mediated H3K27 demethyla-
tion. Inactivation of pRB does not signal HPV16 E7 OIS-
mediated p16INK4A induction, but is necessary to quench OIS
signaling (17, 18). Hence, although high-level p16INK4A ex-
pression is a valuable biomarker for high-risk HPV-associated
lesions and cancers, given that the OIS response is inactivated
by pRB degradation, one would surmise that high-level p16INK4A

expression in HPV+ tumors is biologically inconsequential.
Surprisingly, however, KDM6B depletion in the HPV16+ CaSki
cervical carcinoma cell line caused a dramatic decrease in via-
bility (17). We hypothesize that the observed KDM6B “addic-
tion” of CaSki cells arose as a consequence of HPV16 E7
expression and was caused by KDM6B-mediated alterations in
host gene expression.
Here we report that p16INK4A is a key downstream transcrip-

tional mediator of KDM6B addiction. Those cervical carcinoma
lines that require KDM6B also require p16INK4A expression for
survival. The requirement of KDM6B and p16INK4A expression
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for cervical carcinoma survival arises as immediate and direct
consequences of HPV16 E7 expression, even in cells that do not
depend on E7 expression for proliferation and survival. A KDM6
selective small-molecule inhibitor has cytostatic/cytotoxic effi-
cacy in KDM6B/p16INK4A-addicted cervical cancer lines, sug-
gesting that inhibition of these enzymes may be evaluated as
a therapeutic modality for HPV-associated lesions and cancers.

Results
Cervical Cancer Cells Are Addicted to KDM6B. HPV16 E7 induces
the expression of the cervical cancer biomarker, p16INK4A,
through transcriptional induction of the H3K27-specific histone
demethylase KDM6B. HPV16 E7-mediated p16INK4A induction
is thus mechanistically similar to RAS-induced OIS activation.
We also reported that KDM6B depletion in the HPV16+ cervical
cancer line CaSki markedly inhibited cell proliferation/survival
(17). To determine whether other HPV+ cervical carcinoma cells
showed a similar phenotype, we depleted KDM6B in the
HPV16+ cervical cancer line SiHa, the HPV39+ cervical cancer
cell line Me-180, and the HPV18+ cervical cancer cell line HeLa
by transfection of a KDM6B-specific shRNA. Depletion of
KDM6B was verified by quantitative PCR (qPCR). Three days
posttransfection, cell viability was assayed by reduction of Ala-
mar Blue, a resazurin-based measure of mitochondrial fitness.
Consistent with our previously published results (17), KDM6B
depletion caused a significant decrease in cell proliferation/sur-
vival of CaSki cells (−38 ± 11%; P = 0.01). Similarly, KDM6B
depletion also inhibited cell proliferation/survival of SiHa cells
(−62 ± 3%; P < 0.0001), and Me-180 cells (−65 ± 3%; P <
0.0001). Surprisingly, however, KDM6B depletion caused no
significant decrease in cell proliferation/survival of HeLa cells
(−1.6 ± 14%; P = 0.8535) (Fig. 1). These results indicate that
most, but not all, high-risk HPV+ cervical carcinoma lines are
addicted to KDM6B expression.

KDM6B Addiction Represents a Direct Consequence of HPV16 E7
Expression. Cervical carcinoma lines contain integrated HPV
genomes and consistently express the E6 and E7 oncoproteins.
Given that HPV16 E7 causes increased expression of KDM6B,
we next determined whether KDM6B addiction of cervical
cancer cell lines was caused by HPV E7 oncoprotein expression.
To test this hypothesis we engineered primary human foreskin
keratinocyte (HFK) populations with ectopic expression of
HPV16 or HPV18 E6 and/or E7. Retroviral vectors were used,
and HPV16 E7 expression was assessed by Western blotting and
HPV18 E7 expression was assessed by qPCR. Because of the
absence of appropriate antibodies, HPV16 and HPV18 E6 ex-
pression was determined by assessing p53 levels, which are de-
creased in HPV16 and HPV18 E6-expressing cells because of
E6-mediated proteasomal degradation (19). HPV16 E7 levels
were similar to those detected in HPV16+ SiHa and CaSki

cervical carcinoma lines. KDM6B was depleted by RNAi in
donor- and passage-matched primary HFK populations; de-
pletion was verified by qPCR (Fig. S1 A and B), and cell pro-
liferation/survival was assessed by Alamar Blue. Infection
efficiency of these cells is low; hence, the decreases in viability
that we observed with these cells are less pronounced than with
other cell types. We observed a significant (P = 0.0134) 20 ± 5%
decrease in cell viability in HPV16 E7-expressing HFKs. Simi-
larly, cell proliferation/survival was also significantly decreased
(15 ± 2%; P = 0.0031) in cells that are similar to cervical car-
cinoma cells that coexpress E6 and E7. In contrast, HPV16 E6-
expressing HFKs as well as control-vector–infected HFK pop-
ulations were not significantly affected (P = 0.9482 and 0.7750,
respectively) by KDM6B depletion (Fig. 2A). These experiments
were performed in multiple independently derived populations
with similar results. Moreover, similar results were obtained
when KDM6B was depleted in HPV18 E6- and E7-expressing
HFKs (Fig. 2B). These results support the model that KDM6B
addiction in cervical carcinoma cells is caused by HPV E7
protein expression.

KDM6B Addiction Arises as an Immediate Consequence of HPV16 E7
Expression. To determine whether KDM6B addiction develops as
an immediate consequence of HPV16 E7 expression or whether
it is acquired after long-term E7 expression, we performed sim-
ilar experiments in U2OS osteosarcoma cells with doxycycline-
inducible expression of HPV16 E7. Upon doxycycline treatment,
these cells express HPV16 E7, KDM6B and p16INK4A are in-
duced, and the H3K27me3 mark is decreased. This process
is reversed when doxycycline is removed (17). Depletion of
KDM6B did not significantly inhibit the proliferation/survival of
these cells before HPV16 E7 induction (P = 0.5197). In contrast,
KDM6B depletion caused a 31 ± 9% (P < 0.0001) decrease in
viability after HPV16 E7 expression was induced by 72 h of
doxycycline treatment. Depletion of KDM6B was verified by
qPCR (Fig. S1C). This result shows that KDM6B addiction
arises as a direct and immediate consequence of HPV16 E7
expression. This finding is particularly remarkable because, un-
like HPV-expressing cervical cancer cells, HPV E7 expression is
not necessary for proliferation/survival of U2OS cells (Fig. 2C).

Fig. 1. KDM6B addiction of cervical cancer lines. KDM6B was depleted in
the HPV16+ SiHa and CaSKi cervical carcinoma cell lines, the HPV39+ cervical
cancer cell line Me-180, and the HPV18+ cervical cancer cell line HeLa. Cell
viability was measured by AlamarBlue assay. Averages and SDs for three
independent experiments are shown. Statistically significant changes are
indicated, **P < 0.01.

Fig. 2. KDM6B addiction is caused by the HPV E7 protein. KDM6B was de-
pleted in: (A) HFKs expressing control vector, HPV16 E7, E6, or E6 and E7; (B)
HFKs expressing HPV18 E7, E6, or E6 and E7; and (C) U2OS-tet on cells with
doxycycline-inducible expression of HPV16 E7. Cell viability was measured by
AlamarBlue assay. Averages and SDs for three independent experiments are
shown. Statistically significant changes are indicated, **P < 0.01.
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Cervical Cancer Cells Are Addicted to p16INK4A. We next wanted to
determine the mediators of the observed KDM6B addiction.
KDM6B modulates expression of multiple target genes by
altering the physical state of chromatin. In addition, KDM6B
may also have additional biological activities that are indepen-
dent of its histone demethylase activity (6). The best-known
epigenetic KDM6B target gene in HPV-associated cervical car-
cinoma cells is p16INK4A (11, 12, 17). To determine if the addiction
to KDM6B was dependent on its ability to regulate p16INK4A ex-
pression, we used three independent p16INK4A shRNAs to specif-
ically deplete p16INK4A without affecting expression of the
overlapping p14ARF gene (20) in the HPV16+ SiHa and CaSki
and the HPV18+ HeLa cervical cancer cell lines, and cell pro-
liferation/survival was assessed by Alamar Blue. Depletion of
p16INK4A was verified by qPCR (Fig. S2). SiHa cells displayed
significant decreases in cell viability upon p16INK4A depletion
with each of the three shRNAs (shp16AB: 61 ± 3% P < 0.0001;
shp16CD: 55 ± 3% P < 0.0001; shp16EF: 55 ± 5% P < 0.0001).
Similarly, CaSki cells also displayed a significant decrease in cell
viability (shp16AB: 52 ± 4% P = 0.0007; shp16CD: 43 ± 12%
P = 0.0073; shp16EF: 44 ± 4% P = 0.0013). On the other hand,
similar to what we observed when KDM6B was depleted, pro-
liferation/survival of HeLa cells was not significantly affected by
p16INK4A depletion (shp16AB: P = 0.6977, shp16CD: P = 0.4181,
shp16EF: P = 0.5848) (Fig. 3).
To determine whether KDM6B and p16INK4A depletion

caused growth arrest or cell death, we analyzed cell numbers
and procaspase 3 cleavage in SiHa cells. Depletion of KDM6B
or p16INK4A (Fig. S3) caused a marked decrease in cell numbers and
a decrease in procaspase 3 levels with a concomitant increase in
cleaved caspase 3 levels (Fig. 4). This finding suggests that
KDM6B or p16INK4A depletion in SiHa cells caused cell death,
presumably by apoptosis.

Addiction to p16INK4A Arises as a Direct and Immediate Consequence
of HPV E7 Expression. To determine whether p16INK4A addiction
was caused by HPV E7 oncoprotein expression, we next depleted
p16INK4A by RNAi in donor- and passage-matched primary HFK
populations with ectopic expression of the HPV16 E6 and/or E7
oncoproteins, and assessed cell proliferation/survival by Alamar
Blue. Depletion of p16INK4A was verified by qPCR (Fig. S4A).
We observed a significant decrease in cell viability in HPV16 E7
expressing HFKs (shp16AB: 15 ± 3%, P = 0.0015; shp16CD:
25 ± 6%, P = 0.0019; shp16EF: 33 ± 11%, P = 0.0055). Similarly,
cell proliferation/survival was also significantly decreased in cells
that coexpress HPV16 E6 and E7 (shp16AB: 17 ± 10%, P =
0.0156; shp16CD: 24 ± 5%, P = 0.0034; shp16EF: 25 ± 12%, P =
0.0402). In contrast, HPV16 E6-expressing HFKs as well as
control-vector–infected HFK populations were not significantly
affected by p16INK4A depletion (Fig. 5A). Similar results were
obtained with HPV18 E6- and E7-expressing HFKs (Fig. S5). To
determine whether p16INK4A addiction arises as an immediate

consequence of HPV16 E7 expression or whether it develops
after long-term E7 expression, we performed similar experi-
ments in U2OS osteosarcoma cells with doxycycline-inducible
expression of HPV16 E7. Depletion of p16INK4A was assessed
by qPCR (Fig. S4B) and did not significantly inhibit the pro-
liferation/survival of these cells before HPV16 E7 induction
(shp16AB: 0.9439; shp16CD: P = 0.1632). In contrast,
p16INK4A depletion caused a statistically significant decrease in
viability after HPV16 E7 expression was induced by 72 h of
doxycycline treatment (shp16AB: 33 ± 8%, P = 0.0274; shp16CD:
25 ± 3%, P = 0.0105) (Fig. 5B).
To rule out off-target effects of shRNA, we determined

whether the loss of cell proliferation/survival as a consequence of
p16INK4A depletion was rescued by ectopic p16INK4A expression.
The p16AB shRNA targets sequences corresponding to amino
acids 6 through 12 and, because we used a p16INK4A cDNA ex-
pression vector that is lacking the first eight amino acids, it is not
targeted by the p16AB construct and could be used directly for
rescue experiments. For the p16CD shRNA, we generated a
p16INK4A rescue construct (p16CD) harboring silent mutations
in the targeting sequences of the shRNA. Rescue experiments
were performed in the U2OS cells with inducible HPV6 E7 ex-
pression. Twenty-four hours after we cotransfected the p16INK4A

shRNA construct together with its corresponding rescue con-
struct, HPV16 E7 expression was induced by the addition of
doxycycline, and cell viability was measured 72 h after the ad-
dition of doxycycline. Reexpression of p16INK4A together with
p16INK4A shRNA rescued the decrease in viability observed with
depletion of p16INK4A. This finding confirms that the decrease in
viability is a result of p16INK4A depletion and is not caused by off-
target effects of these shRNAs (Fig. 5C). Reexpression of
p16INK4A together with KDM6B shRNA rescued the decrease in
viability observed with depletion of KDM6B, functionally linking
KDM6B and p16INK4A (Fig. 5D).

Cell Death in Response to p16INK4A Depletion is CDK4- and CDK6-
Dependent. The p16INK4A tumor suppressor acts as an inhibitor
of CDK4/6-cyclin D complexes. To determine if the addiction to
p16INK4A was dependent on p16’s ability to inhibit CDK4/6 ac-
tivity, we codepleted CDK4, CDK6, and p16INK4A in U2OS cells
and induced the expression of HPV16 E7 by the addition of
doxycycline. Cell viability was assessed 72 h after the induction
of HPV16 E7 expression. Depletion of p16INK4A, CDK4 and
CDK6 was assessed by qPCR (Fig. S6) and rescued the loss of
viability that is observed upon p16INK4A or KDM6B depletion
(Fig. 6 A and B).
To determine whether the observed cytotoxicity of p16INK4A

depletion was caused by CDK4 or CDK6 hyperactivity, we

Fig. 3. Cervical cancer cell addiction to p16INK4A. p16INK4A was depleted in
the HPV16+ SiHa and CaSki cervical carcinoma cell lines, and the HPV18+

HeLa cervical cancer line. Three independent p16 shRNA constructs
(shp16AB, shp16CD, shp16EF) were used. Cell viability was measured by
AlamarBlue assay. Averages and SDs for three independent experiments are
shown. Statistically significant changes are indicated, **P < 0.01.

Fig. 4. SiHa cervical cancer cells show evidence of cell death and caspase 3
cleavage upon KDM6B and p16INK4A depletion. p16INK4A and KDM6B were de-
pleted in the HPV16+ cervical carcinoma cell line SiHa. (A) SiHa cells with control
shRNA (magnification, 10×); (B) SiHa cells with KDM6B shRNA (magnification,
10×); (C) SiHa cells with p16INK4A shRNA (magnification, 10×). (D) Western blot
analysis of p16INK4A, procaspase 3, and cleaved caspase 3 levels. Lysates were
separated by SDS/PAGE, transferred, and probed for p16INK4A and pro-
caspase 3. An actin blot is included as a loading control.
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transiently transfected U2OS cells with an oncogenic CDK4
arginine 24 to cysteine (R24C) mutant derived from a human
melanoma (21) that is insensitive to inhibition by p16INK4A and
the corresponding CDK6 arginine 31 to cysteine (R31C) mutant.
Doxycycline was added 24 h after transfection and cell viability
was assessed 72 h after doxycycline addition. Expression of these
p16INK4A insensitive CDK4 and CDK6 mutants caused a de-
crease in cell viability in the doxycycline-treated cells, but not in
the vehicle-treated cells, which is similar to that observed with
p16INK4A depletion (Fig. 6C and Fig. S7). In contrast, trans-
fection of kinase defective CDK4 (CDK4 KD) or CDK6 (CDK6
KD) mutants did not affect cell viability (Fig. 6D and Fig. S7B).
As expected, HeLa cell viability was not affected by CDK4/6
depletion or expression of the p16INK4A insensitive, oncogenic
CDK4 R24C and CDK6 R31C mutants (Fig. S8).

Cervical Cancer Cells Are Sensitive to Treatment with the KDM6A/6B
Inhibitor GSK-J4. In contrast to mutations, epigenetic alterations
are reversible by modulating the activities of the corresponding
epigenetic enzymes. Given our finding that some cervical cancer
cells are “addicted” to KDM6B and KDM6A, we wanted to
determine whether a recently developed KDM6-selective small-
molecule inhibitor, GSK-J4, may show some efficacy in inhibiting
proliferation and/or survival cervical carcinoma cells. Hence, we
treated SiHa and CaSki cervical cancer cells, which were sensitive
to KDM6B and p16INK4A depletion, as well as HeLa cells, which
show no dependence on these molecules, with GSK-J4. GSK-J4
treatment of SiHa and CaSki cells resulted in a marked decrease
in cell viability, whereas GSK-J4 treatment of HeLa cervical
cancer cells, which were not sensitive to KDM6B and p16INK4A

depletion, did not affect cell viability (Fig. 7).

Discussion
OIS is a cell-intrinsic tumor-suppressive mechanism that protects
cells from unrestrained proliferation following oncogenic insults,
such as RAS/RAF activation or expression of a high-risk HPV
E7 protein (reviewed in ref. 22). Evidence of OIS has been

detected in premalignant lesions, but much less so in frank
cancers, suggesting that OIS must be evaded or bypassed by

Fig. 5. HPV16 E7 induces p16INK4A addiction. p16INK4A

was depleted in (A) HFKs expressing control vector,
HPV16 E7, E6, or E6 and E7; and (B) U2OS-tet on cells
with doxycycline-inducible expression of HPV16 E7.
Three independent p16 shRNA constructs (shp16AB,
shp16CD, shp16EF) were used in A and two in B.
(C ) p16INK4A was depleted in U2OS-tet on cells
with doxycycline-inducible expression of HPV16 E7.
Two independent p16 shRNA constructs (shp16AB,
shp16CD) and their respective rescue constructs (p16,
16CD) were used. (D) KDM6B was depleted in U2OS-
tet on cells with doxycycline-inducible expression of
HPV16 E7 and rescued with p16INK4A. Cell viability
was measured by AlamarBlue assay. Averages and
SDs for three independent experiments are shown.
Statistically significant changes are indicated: *P <
0.05, **P < 0.01.

Fig. 6. Cell death caused by p16INK4A depletion in p16INK4A-addicted cells is
dependent on CDK4 and CDK6. (A) p16INK4A or p16INK4A, together with CDK4
and CDK6, were depleted in U2OS-tet on cells with doxycycline-inducible ex-
pression of HPV16 E7 by transfection with p16INK4A, CDK4-, or CDK6-specific
siRNA duplexes. Transfection of the nontargeting siRNA pool was used as
a control (siCtrl). (B) KDM6B or KDM6B in combination with CDK4 and CDK6
were depleted in U2OS-tet on cells with doxycycline-inducible expression of
HPV16 E7 by transfection with KDM6B, CDK4-, or CDK6-specific siRNA duplexes.
Transfection of a nontargeting siRNA pool was used as a control (siCtrl). (C)
U2OS-tet on cells with doxycycline-induced HPV16 E7 expression were trans-
fected with CDK4, CDK6, and oncogenic CDK4 or CDK6 mutants that cannot be
inhibited by p16INK4A (R24C and R31C, respectively). Cell viability was measured
by AlamarBlue assay. Averages and SDs for three independent experiments are
shown. (D) Kinase-defective CDK4 or CDK6 mutants were transfected into
U2OS-tet on cells with doxycycline-induced HPV16 E7 expression and did do not
affect viability. Averages and SDs for three independent experiments are
shown. Statistically significant changes are indicated: *P < 0.05.
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additional mutations in order for premalignant lesions to prog-
ress (15). Indeed, HPV16 E7 both triggers OIS and quenches
this response by targeting the pRB tumor suppressor for pro-
teasomal degradation (17). In addition to proliferative arrest,
OIS involves the activation of a variety of signaling pathways,
and senescent cells are characterized by increased size, activation
of β-galactosidase, chromatin aggregates enriched for H3K9me3,
activated DNA damage markers, and extracellular matrix-
degrading enzymes (reviewed in ref. 23).
Because KDM6B, which mediates RAS and HPV E7 OIS, has

targets other than p16INK4A, OIS activation causes a range of
epigenetic alterations. These alterations are biologically incon-
sequential as long as p16INK4A expression is induced and the cells
undergo senescence, but may contribute to carcinogenesis once
the OIS response has been evaded. KDM6B may have both
tumor-suppressive and oncogenic activities in different cancer
types. KDM6B is up-regulated in prostate cancer and its ex-
pression is higher in metastatic prostate cancer (24); it has been
shown to promote epithelial-to-mesenchymal transition and
cancer cell invasion (25). On the other hand, KDM6B has been
reported to be down-regulated in certain human cancers, and the
KDM6B gene is located at 5q31, an area that is frequently lost in
a number of malignancies, including myeloid leukemias (26).
As evidenced by aberrant homeobox gene expression, HPV16

E7-expressing cells undergo profound epigenetic alterations as
a consequence of enhanced KDM6A and KDM6B expression
(17, 27). Indeed, several homeobox genes (HOX) have been
identified as bona fide oncogenes. For example, HOXC10 over-
expression is associated with increased invasion and the transi-
tion of cervical high-grade squamous intraepithelial lesions to
cervical squamous cell carcinoma (28). HOXB7 mediates aspects
of epithelial-to-mesenchymal transition in breast cancer, pro-
motes proliferation in oral cancer, and is associated with pro-
gression and development of metastases in lung cancer (29–31).
In addition, germ-line HOXB13 mutations have been linked to
an increased prostate cancer risk (32).
Hence, the molecular basis for the observed dependence of

cervical carcinoma cells on KDM6A and KDM6B expression was
expected to be complex. Our finding that p16INK4A expression is
a key downstream mediator of KDM6B addiction of cervical
carcinoma cells, therefore, is quite surprising. After all, p16INK4A

is a well-established and frequently mutated or epigenetically
silenced tumor suppressor and key regulator of pRB activity.
Because HPV E7 inactivates pRB by targeting it for proteasomal
degradation, one would predict that enhanced expression of the
p16INK4A tumor suppressor by E7, while providing a valuable
surrogate for E7 expression (33), would have only minimal bio-
logical consequences. The finding that KDM6B-triggered
p16INK4A expression is required for cell viability that arises as
a direct and immediate consequence of HPV16 E7 oncoprotein
expression suggests that the biological activity of p16INK4A in HPV-
associated cancers is more akin to that of an oncogene, as op-
posed its well-established tumor-suppressor activity in most
other human tumor types. Because this pro-oncogenic activity of

p16INK4A is dependent on its ability to inhibit CDK4/6 activity,
our results suggest that the dogmatic tumor-suppressive activity
of p16INK4A, and by extension the entire pRB tumor-suppressor
pathway, is strictly dependent on cellular context. The finding
that ectopic expression of a human melanoma-derived, oncogenic
CDK4 mutant causes cell death, and thus has tumor-suppressive
activity in HPV E7-expressing cells (Fig. 6), further supports this
contention. It is particularly remarkable that observed reversals
in oncogenic and tumor-suppressive activities within the pRB
pathway arise as an immediate consequence of HPV16 E7 ex-
pression, even in U2OS cells that are not intrinsically dependent
on E7 expression for continued growth/survival.
The pRB tumor suppressor is a rate-limiting substrate for

CDK4/6 control of G1/S transition and senescence. Our results,
however, suggest that there are other relevant CDK4/CDK6
substrates that need to be retained in an unphosphorylated
state when pRB is inactivated, and that continued p16INK4A ex-
pression is required to quench their aberrant phosphorylation in
such cells. An unbiased screen for CDK4 and CDK6 substrates
yielded 68 potential phosphorylation targets, in addition to pRB,
p107, and p130 (34). Several of these putative substrates, in-
cluding FOXM1 and SMAD3, have been implicated in senes-
cence signaling (34–36). Thus, the tumor-suppressive activities of
CDK4/6 in pRB/p107/p130-defective cells may be mediated
through one or several of these, or involve as yet unidentified
pathways (Fig. 8).
Unlike the HPV16+ SiHa and CaSki cervical cancer lines, the

HPV18+ HeLa cervical carcinoma line is insensitive to KDM6B
or p16INK4A depletion and KDM6 inhibition by the GSK-J4
small-molecule inhibitor. This result is not because of an inability
of HPV18 E7 to induce KDM6B and p16INK4A expression, nor is
it because of inherent differences in the expression levels of
KDM6B, p16INK4A, CDK4, or CDK6 in HeLa cells (Fig. S9).
Rather, we hypothesize that HeLa cells acquired a downstream
secondary mutation that renders these cells no longer dependent
on the oncogenic activities of p16INK4A. Elucidating the mech-
anisms of resistance may thus aid in identifying molecules that,
when CDK4/CDK6 phosphorylated, cause cell death or growth
arrest in cancers with mutant pRB. However, we did not observe
emergence of resistant SiHa or CaSki cell populations upon
stable depletion of p16INK4A or KDM6B.
Other cancers, including high-grade serous ovarian carcinoma,

a subset of lung cancers, and highly aggressive breast and pros-
tate cancers, also express high levels of p16INK4A (24, 37–41).
Such high-level p16INK4A-expressing cancers generally also have
pRB mutations (reviewed in ref. 42). It will be interesting to

Fig. 7. Effect of GSK-J4 on cervical cancer cells. Cervical cancer cell lines SiHa,
CaSki, and HeLa were treated with 0–30 μM GSK-J4 (CaSki) or 25–100 μM
GSK-J4 (SiHa and HeLa) for 72 h. Cell viability was measured by AlamarBlue
assay. Averages and SDs for three independent experiments are shown.

Fig. 8. Induction and abrogation of the OIS tumor suppressor response by
HPV16 E7. (A) Oncogenic stimuli such as RAS/RAF signaling or HPV16 E7
expression causes KDM6B expression and derepression of p16INK4A expres-
sion, which inhibits CDK4/6 activity and pRB phosphorylation, causing G1 cell
cycle arrest and senescence (OIS). (B) HPV16 E7 has evolved to evade OIS by
targeting pRB for ubiquitin-mediated proteasomal degradation.
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determine whether p16INK4A expression in these tumors is also
mechanistically linked to KDM6B expression and whether they
may also be susceptible to KDM6 inhibitors.
Finally, it is interesting to note that epigenetic alterations

other than H3K27 methylation/demethylation also contribute to
senescence regulation. H3K4 demethylation, for example, may
also play a role in OIS, and the H3K4 demethylases KDM5A and
KDM5B (JARID1A and JARID1B) contribute to the repressive
chromatin environment of senescent cells (43). Conversely, de-
pletion of KDM2B (NDY1) results in premature senescence (44,
45), whereas overexpression of KDM2B results in immortaliza-
tion of primary mouse embryo fibroblasts (44–46). It will be in-
teresting to determine the cellular targets of these enzymes and
whether any of these may contribute to the observed resistance
to KDM6 inhibition or p16INK4A depletion.

Materials and Methods
Cells. Primary HFKs were isolated and cultured as previously described (5).
HFKs were transduced by recombinant retroviruses carrying either the con-
trol vector (LXSN) or vectors encoding HPV16 E6 or E7 or both oncogenes
(47). U2OS-tet on, CaSki, SiHa, and HeLa cells were maintained as described
in SI Materials and Methods.

Cell Viability Assay. Three days after transfection, media was removed and
100-μL AlamarBlue reagent (Invitrogen; diluted 10-fold in growth medium)
was added to each well. The plates were incubated for 1–3 h at 37 °C and
then read at 570 and 600 nm on a microtiter well plate reader (Biotek).

Quantitative RT-PCR. Lysates were prepared and quantitative RT-PCR was
performed using the Cells-to-CT kit as per the manufacturer’s instructions
(Applied Biosystems). Predesigned Taqman qPCR assays for KDM6B,
p16INK4A, CDK4, and CDK6 were supplied by Applied Biosystems as a 20×
premix containing both primers and FAM-nonfluorescent quencher probe.
Analysis was performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems).

RNAi. For RNAi, 1 × 104 cells were seeded onto 96-well plates 1 d before
transfection with 100 ng of DNA using Lipofectamine 2000 (Invitrogen). The
cells were transfected with the shRNA, siRNA and rescue constructs de-
scribed in SI Materials and Methods.
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