

















HPV Modulation of Mitochondrial ncRNAs

FIGURE 3. HPV-16- or HPV-18-immortalized cells express a novel sense transcript or SncmtRNA-2. A, schematic structure of the SncmtRNA-1 and
strategy to amplify the transcript between the loop and the IR. Red line, 16S mitochondrial rRNA; blue line, IR. The primers used for amplification are
indicated. B, PCR amplification of cDNA from the indicated cells, using primers 1 and 2. The 210-bp fragment corresponds to the SncmtRNA-1, whereas
the 150-bp fragment corresponds to the SncmtRNA-2. Lanes labeled 698 correspond to HFK698 cells. C, PCR amplification of HFK698 cDNA between
primer 1 and primers 2, 3,4, 5,6, 7, and 8 (lanes 1-7, respectively). No amplification was observed when using primers 1 and 8 (lane 7). The inset shows
the amplification fragments obtained with HFK698 cDNA and corresponding to lanes 5 and 6. M, 100-bp ladder. D and E, SncmtRNA-1 and SncmtRNA-2
contain a double-stranded region. D, RNA from SiHa cells in 2X SCC was incubated in the presence (even lanes) or absence (odd lanes) of 50 ..g/ml RNase
A for 15 s at room temperature. RNA was recovered and amplified by RT-PCR using primers 1 and 6 (lanes 1 and 2), primers 11 and 6 covering the
double-stranded region (lanes 3 and 4), and primers 9 and 10 (lanes 5 and 6) targeted to the 3’ single-stranded region (see A). Only the double-stranded
region was resistant to RNase digestion (lanes 3 and 4). E, similar results were obtained with total RNA from HFK698 cells. Amplification of the double
amplicons with primers 1 and 6 (lanes 1 and 2) was abolished after digestion, and a similar result was obtained with primers 9 and 10 (lanes 5 and 6).
Theseresults indicate that the single-stranded regions (the loop and the 3’ region) of the SncmtRNA-2 were digested by RNase A. Amplification between
primers 11 and 6, covering the double-stranded region of the SncmtRNA-2, was not affected by the enzyme (lanes 3 and 4). M, 100-bp ladder.
F, schematic structure of the SncmtRNA-1 and SncmtRNA-2, indicating the primers used for amplification. Oligonucleotides 12 and 13 were used for
specific RT-PCR amplification or for ISH. Primers 14 and 15 were used as controls.

FIGURE 4. Specific detection of SncmtRNA-1 and SncmtRNA-2. A, sequence of probes 12 (specific for SncmtRNA-1) and 13 (specific for SncmtRNA-2)
targeted to the linker region between the IR and the 5’-end of the 16S mtrRNA (see Fig. 3F, showing the position of these primers and control primers 14 and
15). B, PCR amplification of cDNA obtained from the indicated cells using primers 12 and 2 (SncmtRNA-1; Fig. 3F). A single fragment of 190 bp was obtained in
all samples. C, same as B but using primers 13 and 2 (SncmtRNA-2; Fig. 3F). A 130-bp fragment corresponding to SncmtRNA-2 was obtained only with cDNA
from HFK698 and 18Nco cells. M, 100-bp ladder. D, PCR amplification of SncmtRNA-1 and -2 from HFK698 cDNA. The expected fragments of 190 and 130 bp
were obtained using primer 2 in combination with primers 12 or 13 (lanes 1-4). No amplification was observed when primer 2 was used in combination with
primer 14 (9 nt complementary to the 5’-end of the 165 rRNA) or primer 15 (9 nt complementary to the 3'-end of the IR) of the SncmtRNA-1. Lane M, 100-bp
ladder. E, differential expression of the SncmtRNA-1 and SncmtRNA-2. The expression of SncmtRNA-1 (S-7) and SncmtRNA-2 (S-2) in the indicated cells was
determined by ISH using probe 12 and probe 13, respectively. The SncmtRNA-2 was expressed only in the immortalized cells HFK698 and 18Nco. Notice that
only HFK expresses the ASncmtRNAs (AS). Magnification was X40.
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FIGURE 5. The SncmtRNA-2 is not present in isolated mitochondria. Mito-
chondria were isolated from ~5 X 10® HFK698 or 18Nco cells as described
under “Experimental Procedures.” The final mitochondrial fraction was
treated with RNase A to eliminate contamination from cytoplasmic RNA, fol-
lowed by extraction of mitochondrial RNA with TRIzol. In parallel, total RNA
was also extracted from HFK698 and 18Nco cells. Amplification of fragments
of 190 bp (SncmtRNA-1), 130 bp (SncmtRNA-2), 320 bp (COX I mRNA), and 150
bp corresponding to 185 rRNA was observed in total RNA from both immor-
talized cell lines (T lanes). Only the amplicons of 190 bp of the SncmtRNA-1
and 320 bp of the COX | mRNA were amplified from mitochondrial RNA (Mt
lanes) of HFK698 and 18Nco cells, whereas no amplification was obtained of
the SncmtRNA-2 or 18S rRNA. M, 100-bp ladder.

hybridization with probe 13 revealed the expression of Snc-
mtRNA-2, only in HFK698 and 18Nco cells (Fig. 4E, S-2). The
ASncmtRNAs were expressed only in HFK (Fig. 4E, AS).

Extramitochondrial Localization of SncmtRNA-2—We re-
ported before that the SncmtRNA-1 and the ASncmtRNAs
were localized in mitochondria isolated from HFK cells and
mitogen-activated human lymphocytes (10). SncmtRNA-2
exhibits 99,7% identity with the sequence of the human 16S
mitochondrial gene, and therefore one would expect that this
transcript is also found localized in the organelle. Mitochon-
dria were isolated from HFK698 and 18Nco cells and treated
externally with RNase A to eliminate cytoplasmic RNA con-
tamination (9, 10, 19, 20). RNA was extracted from the iso-
lated mitochondria and amplified by RT-PCR. To ascertain
that RNase treatment eliminated cytoplasmic RNA contam-
ination, total RNA was also extracted from HFK698 and
18Nco cells. Amplification was carried out using primer
pairs for SncmtRNA-1, SncmtRNA-2, COX [, and 18S rRNA
(see “Experimental Procedures”). SncmtRNA-1 and COX I
mRNA were readily amplified from RNA of nuclease-treated
mitochondria and total RNA from HFK698 and 18Nco cells
(Fig. 5). As expected, the 18S rRNA was amplified from total
RNA but not from nuclease-treated mitochondria (Fig. 5).
Interestingly, and in contrast to SncmtRNA-1, SncmtRNA-2
was amplified from total RNA of HFK698 and 18Nco but not
from mitochondrial RNA (Fig. 5, SmcmtRNA-2). These
results indicate that the SncmtRNA-2 is found only outside
the organelle.

HPV-16/18 Oncogenes Modulate Expression of Mitochon-
drial ncRNAs—We next examined which oncogene(s) of
HPV-16 is involved in down-regulation of the ASncmtRNAs
and in the expression of the SncmtRNA-2. HFK were trans-
duced with retroviral vectors containing the coding sequences
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of E6, E7, or E6 and E7 (16, 17). Probes 12 and 13 were used to
determine the expression of SncmtRNA-1 and SncmtRNA-2,
respectively, by ISH. HFK transduced with E6 or E7 express the
SncmtRNA-1 (S-1) and the ASncmtRNAs (AS) (Fig. 6A4), but
not SncmtRNA-2 (Fig. 64, S-2), just as normal keratinocytes.
Interestingly, however, transduction of HFK with E6 and E7
induced expression of the SncmtRNA-2, just like the immortal-
ized cell line HFK698 (Fig. 64, S-2). RT-PCR amplification
using primers 1 and 2 (see Fig. 3A) confirmed that the 150-bp
fragment corresponding to SncmtRNA-2 was amplified only in
HFK transduced with E6/E7 as well as in HFK698 cells (Fig. 6B).
Expression of E6 and E7 mRNA was confirmed by RT-PCR
amplification. E6 is expressed in HFK698 cells, or in HFK trans-
duced with E6 or with E6/E7 (Fig. 6C), whereas E7 mRNA is
expressed in HFK transduced with E7 or E6/E7 and in HFK698
cells (Fig. 6D).

E2 Oncogene from HPV-16 or -18 Induces Down-regulation of
ASncmtRNAs—Because expression of the ASncmtRNAs is not
affected by E6, E7, or E6 and E7 (Fig. 64, AS), we asked whether
other HPV-16 proteins expressed in HFK698 might be involved
in down-regulation of these transcripts. A reasonable candidate
is EI"E4 because this protein is known to interact with mito-
chondria (24) and is expressed in HFK698 cells together with E5
(Fig.7A). To knock down E1"E4, HFK698 cells were transduced
with a lentiviral vector that expresses GFP and an shRNA tar-
geted to HPV-16 E1"E4 (21) The GFP-expressing HFK698 cells
were sorted and then cultured for 24 h. As shown in Fig. 7B, the
specific ShRNA induced knockdown of E1"E4, and, concomi-
tantly, expression of the ASncmtRNAs was reestablished (Fig.
7C, E4-shRNA). Notice that the control shRNA did not affect
the expression of the ASncmtRNAs (Fig. 7C, ConshRNA).
Using an inverse strategy, HFK cells were transfected with a
plasmid containing HPV-18 E17E4 (22). The transfected cells
were selected with gentamycin and cultured for 24 h. RT-PCR
confirmed that the transfected cells, but not HFK cells or HFK
cells transfected with empty vector, express E1"E4 (Fig. 7D).
However, the expression of the ASncmtRNAs was not affected
by E1°E4 (Fig. 7E).

E17E4 results from a transplicing reaction between the first
15 nt of E1 and a fragment of 264 nt positioned close to the 3'-
end of E2, as illustrated in Fig. 84 (25). Therefore, the
E4-shRNA should also induce knockdown of E2 (Fig. 84,
ShRNA, red arrow). To explore whether E2 is indeed involved in
down-regulation of the ASncmtRNAs, 18Nco cells were trans-
fected with an ASO complementary to the NH,-terminal
region of HPV-18 E2 (Fig. 6A, E2-ASO, blue arrow) or with
ASO-C. Twenty-four hours after transfection, cells were used
to prepare total RNA or fixed to determine the expression of the
ASncmtRNAs. As shown in Fig. 8B, E2-ASO induced knock-
down of E2 in 18Nco cells, whereas the control ASO had no
effect (Fig. 8B, C-ASO). Interestingly, fluorescent in situ hybrid-
ization revealed that the expression of the ASncmtRNAs was
reestablished in 18Nco cells upon knockdown of E2 (Fig. 8C, 18
E2-ASO). Transfection with ASO-C had no effect (Fig. 8C,
C-ASO). To determine whether the effect on the expression of
the ASncmtRNAs was reversible, E2-ASO was removed, and
the cells were further cultured in normal medium for an addi-
tional 24 h. Together with the recovery of E2 expression (Fig.
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FIGURE 6. Expression of SncmtRNA-2 is induced by HPV-16 E6 and E7. A, expression of the SncmtRNA-1, SncmtRNA-2, and the ASncmtRNAs was determined
in HFK transduced with E6, E7, or E6/E7. The SncmtRNA-1 was expressed in all cells, including HFK698. The SncmtRNA-2 was expressed only in HFK transduced
with E6 and E7 and in HFK698. Expression of the ASncmtRNAs was maintained in all cells except HFK698. Magnification was X20. B, PCR amplification
confirmed that the SncmtRNA-2 was expressed only in HFK698 and HFK transduced with E6 and E7. C, total RNA from HFK698 cells, HFK, and HFK transduced
with E6, E7, and E6/E7 was used for RT-PCR amplification of HPV-16 E6 mRNA. E6 is expressed in HFK transduced with E6 or E6/E7 and HFK698 cells. D, same as
C, but amplification was carried out with primers corresponding to HPV-16 E7 mRNA. Lane M, 100-bp ladder.

E1°E4 E1°E4  HFK698 with E2-ASO did not affect the expression of E6, E7, E1, and E5
(see supplemental Fig. 4, A and B).
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FIGURE 7. Down-regulation of the ASncmtRNA and HPV oncogenes.
A, HFK698 cells express E1AE4 and E5 mRNA. B, HFK698 cells were trans-
duced with a GFP-expressing lentiviral vector encoding an shRNA comple-
mentary to E4. The GFP-expressing cells were sorted, and expression of
E1AE4 mRNA was determined by RT-PCR amplification. E4 was knocked
down in HFK698 cells transduced with the E4shRNA. C, expression of the
SncmtRNA-1 and the ASncmtRNAs in HFK698 cells transduced with
E4shRNA or empty vector (ConshRNA). Expression of the ASncmtRNAs was
reestablished only in HFK698 cells transduced with the E4shRNA. Magni-
fication was X20. D, HFK cells were transformed with a plasmid containing
HPV-18 E1AE4 or with empty vector. E1AE4 was expressed only in HFK
transformed with E1AE4-containing vector. E, HFK cells transformed with
HPV-18 E1AE4 plasmid or with the empty vector were subjected to fluo-
rescent in situ hybridization and compared with untreated HFK. The
expression of the SncmtRNA-1 and the ASncmtRNAs was not affected by
the expression of E1AE4. Magnification was X20.
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6B, Recovery), the ASncmtRNAs were again down-regulated
(Fig. 8C, Recovery). The same results were obtained with
HFK698 (Fig. 8D and supplemental Fig. 24) and HF18 cells
(keratinocytes immortalized with HPV-18) (see supplemental
Fig. 3, B and C). Transfection of 18Nco or HFK698 cell lines
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tumor cell lines as well as in tumor cells present in biopsies of 17
different types of cancer and patients (10). A hallmark of cancer
is the inactivation of tumor suppressors together with consti-
tutive activation of oncogenes, resistance to apoptosis, and
metastasis (1). Therefore, down-regulation of the ASnc-
mtRNAs suggests, hypothetically, that these transcripts might
function as a novel mitochondrially encoded tumor suppressor
(10). Interestingly, nuclear encoded ncRNAs function as either
oncogenes or tumor suppressors (26 —28). In general, the evi-
dence to assign the tumor suppressor tag relates to down-reg-
ulation of these molecules in cancer cells as compared with
normal counterparts (29). However, the designation of tumor
suppressor requires experimental evidence showing the role of
this class of molecules in cell cycle control.

Indeed, the aim of this work was to shed some light on the
mechanisms involved in down-regulation of the ASncmtRNAs
during early carcinogenesis. To achieve this goal, we used as a
model HFK immortalized with high risk HPV. The results indi-
cate that E2 isinvolved in down-regulation of the ASncmtRNAs
in HFK immortalized with high risk HPV-16 and HPV-18. E2 is
essential for viral genome replication and regulation of E6 and
E7 expression in early stages after HPV infection (5, 6, 30 -32).
In addition, regulation of transcription factors, cell prolifera-
tion, apoptosis, cell differentiation, and chromosome instability
seem to be the most significant functions of E2 (33—40). Inter-
estingly, and in relation to the present work, E2 seems to have
oncogenic potential by itself. Expression of the HPV-8 E2 gene
in transgenic mice results in increased skin cancer develop-
ment, which is enhanced by UV irradiation (41, 42). On the
other hand, HPV-11 E2, a low risk HPV virus, does not induce
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FIGURE 8. HPV E2 is involved in down-regulation of the ASncmtRNAs. A, schematic illustration of the HPV-16 genome, indicating the position of E6, E7, E1,
E2, E4, E5, and L2 genes. The absence of L1 is for simplicity. The transplicing reaction between a fragment of E1 with a fragment of E2 to generate E1AE4 is
shown. B, expression of E2 mRNA in 18Nco cells was determined by RT-PCR amplification. A fragment of 330 bp was obtained with cDNA of 18Nco cells (lanes
1 and 2). E2 was knocked down by an ASO complementary to the NH,-terminal coding region (78 E2-ASO; lanes 3 and 4) but not by a control oligonucleotide
(C-ASO; lanes 5 and 6). 24 h after transfection with the 18E2-ASO, the cells were cultured in fresh medium for another 24 h. The expression of E2 was
reestablished (Recovery; lanes 7 and 8). C, analysis of the expression of SncmtRNA-1 and -2 (S) and ASncmtRNAs (AS) by fluorescent in situ hybridization.
Hybridization revealed that the expression of the ASncmtRNAs was recovered in 18Nco cells transfected with the 18E2-ASO. Once the expression of E2 was
reestablished, expression of the ASncmtRNAs was down-regulated (Recovery). D, the same results were obtained with HFK698 cells transfected with an E2-ASO
complementary to HPV-16 E2 (76 E2-ASO). The expression of the ASncmtRNAs was reestablished after knocking down HPV-16 E2. Recovery of E2 expression

resulted in down-regulation of the ASncmtRNAs (Recovery). Magnification was X20.

cell transformation (43). Whether the induction of skin cancer
is related to the ability of HPV-8 E2 to induce knockdown of the
ASncmtRNAs warrants future research.

However, the reversible effect of E2 on the expression of the
ASncmtRNAs raises a paradox. Although SiHa and HeLa cells
do not express E2 (see supplemental Fig. 5), the ASncmtRNAs
are down-regulated. One possibility is that after transformation
into the tumorigenic lineage, another cellular protein could
replace the ability of E2 to induce down-regulation of the ASnc-
mtRNAs. Interestingly, the tumorigenic cell line TC-1, amouse
lung epithelial cell line immortalized with HPV-16 E6 and E7
and transformed with H-Ras oncogene (44), also exhibits
down-regulation of the ASncmtRNAs. Here we show that HFK
transduced with E6 and E7 do not affect the expression of the
ASncmtRNAs (Fig. 6A). Therefore, down-regulation of these
transcripts in TC-1 cells could be triggered by H-Ras, suggest-
ing a role for this cellular oncogene similar to that of E2 in the
modulation of the expression of ASncmtRNAs.* Altogether,
these results strongly suggest that an important cellular altera-
tion occurring during HPV-induced carcinogenesis is inhibi-
tion of the expression of the ASncmtRNAs. One is tempted to
speculate that some gene products of other oncogenic viruses
might also induce down-regulation of the ASncmtRNAs (2—-4).

4C. Villota, A. Campos, V. A. Burzio, M. Varas, and L. O. Burzio, unpublished
data.

21312 JOURNAL OF BIOLOGICAL CHEMISTRY

Interestingly, the ASncmtRNAs are down-regulated in HEK
293 cells (transformed with adenovirus) and the lymphoma cell
line Devernelle (transformed with Epstein-Barr virus).*
Previous work has shown nucleo-cytoplasmic localization of
high risk HPV-16/18 E2 (45). As far as we know, E2 does not
interact with mitochondria, and therefore the pertinent ques-
tion is how E2 alone or in combination with other cellular fac-
tors induces down-regulation of the ASncmtRNAs. Electron
microscopy ISH showed that the SncmtRNA and the ASnc-
mtRNAs in normal human kidney exit the organelle and are
found localized in the cytoplasm and in the nucleus associated
with chromatin and nucleoli (13). In renal cell carcinoma, the
SncmtRNA shows similar localization, whereas the few copies
of the ASncmtRNAs are mainly found in the cytoplasm (13).
Therefore, an intriguing question is how, if so, these mitochon-
drial transcripts containing long double-stranded regions
escape from the processing activities of Dicer and Drosha (46).
One hypothetical possibility is that the double-stranded region
of these mitochondrial RNA binds to the double-stranded
binding domain of Dicer and/or Drosha (47, 48), resulting in
inhibition of their activities. It has been demonstrated that
RNAs with double-stranded structures inhibit Dicer or Drosha,
such as ncRNAs from adenovirus (49). In Caenorhabditis
elegans, the rncs-1 ncRNA contains a long double-stranded
structure that inhibits Dicer (50). Perhaps then, the ASnc-
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mtRNAs in HFK are forming complexes with Dicer, inhibiting
its processing activity. Therefore, the expression of E2 in HPV-
immortalized HFK would relieve the inhibition on Dicer,
resulting in degradation or processing of the double-stranded
structure of the ASncmtRNAs.

Critical for HFK immortalization is the ability of the HPV
oncogenes E6 and E7 to block the function of the tumor sup-
pressors p53 and Rb together with up-regulation of telomerase
(5, 6,14, 15, 51-54). As reported here, an additional function of
E6 and E7 is to induce the expression of the SncmtRNA-2 in
primary keratinocytes. Why both oncoproteins are needed for
the expression of SncmtRNA-2 is unclear, but it is interesting
that efficient HFK immortalization as well as full up-regulation
of telomerase also requires both E6 and E7 expression (54). As
described before, the expression of the SncmtRNA-1 closely
correlates with cell proliferation (9, 10). Here we show that
knockdown of SncmtRNA-1 induces a marked inhibition of cell
proliferation and DNA synthesis in SiHa and HeLa cells (see
Fig. 2). These results indicate for the first time that Snc-
mtRNA-1 is a new mitochondrial component participating in
the regulation of the cell cycle. Hypothetically, the inhibition of
proliferation of SiHa and HeLa cells might have a potential
therapeutic application in cervical cancer.

Why immortalized cells require SncmtRNA-2 in addition to
SncmtRNA-1 is unknown and warrants future investigation.
We showed that the SncmtRNA-1 and the ASncmtRNAs are
present in isolated mitochondria (9, 10). Here we confirmed
that SncmtRNA-1 is present together with COX I mRNA in
isolated mitochondria of the immortalized cell lines, but not
SncmtRNA-2 (see Fig. 5). These results suggest that a fraction
of SncmtRNA-1 is processed outside of the organelle, to give
rise to SncmtRNA-2 and a fragment of 63 nt released from
the IR. Interestingly, we have shown that the corresponding
murine SncmtRNA-1 (named chimeric RNA) is also processed
outside the mitochondria by an editing reaction from U to C
(55). The nature of the processing mechanism of SncmtRNA-1
to SncmtRNA-2 plus the fragment of 63 nt is unclear. However,
this reaction might be similar to the cleavage-and-ligation
reactions (editosome) necessary for the edition of kinetoplastid
transcripts in Trypanosoma and Leishmania (56-58). The
question then is which molecule is important for HPV-immor-
talized cells: the SncmtRNA-2 or the 63-nt fragment released
from the IR of the SncmtRNA-1? We are tempted to speculate
that the important molecule is the fragment of 63 nt, based on
in silico analysis of this sequence. Interestingly, these studies
revealed that the 63-nt fragment was highly complementary
only to microRNA-620 or hsa-miR-620 (Supplemental Fig. 6).
Using a target scan algorithm, we found that hsa-miR-620 is
involved in the silencing of more than 100 target mRNAs (68).
An interesting example is the mRNA of promyelocytic leuke-
mia (PML) protein, which is a core component of PML nuclear
bodies found in tumor cells (59, 60). PML nuclear bodies are
important structures involved in HPV replication, and several
reports indicate that the E6 and E7 oncoproteins are localized
in these nuclear structures (61— 63). As shown here, E6 and E7
are needed for the expression of SncmtRNA-2, and therefore it
is tempting to suggest that the 63-nt fragment released from
SncmtRNA-1 is required to work as a “sponge” (64, 65) to trap
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hsa-miR-620 and consequently relieve the negative effect of
this microRNA on the expression of PML mRNA. Interestingly,
ancRNA from herpesvirus saimiri binds and induces degrada-
tion of miR-27 to facilitate infection and viral transformation
(66).

Finally, it is unclear why SncmtRNA-2 is not expressed in
SiHa or HeLa cells, which constitutively express E6 and E7
(supplemental Fig. 5, A and B). Perhaps other cellular factors
expressed after HPV transformation block the expression of
SncmtRNA-2. Nevertheless, the fact that SncmtRNA-2 is
expressed in immortalized but not tumorigenic cells might
contribute to the screening of early cervical intraepithelial pre-
malignant lesions (67).
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