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WARTS, CANCER AND UBIQUITYLATION: LESSONS FROM
THE PAPILLOMAVIRUSES

PETER M. HOWLEY

BOSTON, MASSACHUSETTS

ABSTRACT

Certain human papillomaviruses (such as HPV-16 and HPV-18) are
associated with specific anogenital cancers, most notably cervical cancer.
These viruses encode two oncoproteins, E6 and E7, which are expressed in
the HPV positive cancers. E7 functions in cellular transformation, at least
in part, through inactivation of pRB, and the other pRB related “pocket
proteins” p107 and p130. The major target of the E6 oncoprotein encoded
by the genital tract, cancer-associated human papillomaviruses is the p53
tumor suppressor protein. E6 binding to p53 is mediated by a cellular
protein, the E6-associated protein (E6AP). In the presence of E6, E6AP
catalyses the ubiquitylation and proteolysis of p53. E6AP is an E3 ubiq-
uitin protein ligase and is not normally involved in the regulation of p53
stability in the absence of E6. E6AP is the prototype for the HECT domain
family of E3 ubiquitin protein ligases.

Introduction

The papillomaviruses are a group of small DNA viruses, which
induce squamous epithelial tumors (warts and papillomas). The first
papillomavirus described was the cottontail rabbit papillomavirus (1).
Subsequently, papillomaviruses have been isolated and characterized
from other vertebrate species, including man. Standard virologic ap-
proaches to the study of these viruses have been limited, however, due
to the lack of a tissue culture system for their in vitro propagation. This
failure may, in part, be due to the fact that the productive functions of
the papillomaviruses are expressed only in the more fully differenti-
ated squamous epithelial cells. To date, tissue culture systems for
keratinocytes have not permitted the full expression of the papilloma-
virus life cycle. Thus, much of what we know about the papillomavi-
ruses has been learned by reverse genetics.
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The productive functions of the papillomaviruses, including vegeta-
tive viral DNA synthesis and the expression of late viral genes, occur
only in the fully differentiated squamous epithelial cells of the wart (2).
Vegetative viral DNA synthesis has been detected by in situ hybrid-
ization techniques only in the squamous epithelial cells of the stratum
spinosum and of the granular layer of the epidermis, but not in the
basal layer nor in the underlying dermal fibroblasts. Viral capsid
protein production and virus assembly occur only in the super stratum
spinosum and in the granular layer where the epithelial cells are
terminally differentiated. Investigators generally believe that the viral
genome is present in the epithelial cells of the basal layer, and it is
generally thought that the expression of specific viral genes in the
basal layer and in the lower layers of the epidermis is responsible for
proliferation of the epithelial cells characteristic of a wart or a papilloma.
As the cells of the epidermis migrate upward through the stratum spi-
nosum into the granular layer, they undergo a program of differentiation.
The control of papillomavirus late gene expression, therefore, appears
tightly linked to the state of differentiation of the squamous epithelial
cells. The molecular basis for this control is not yet known.

Human Papillomaviruses

There are no serologic reagents yet available to distinguish the
various HPVs. Different HPV types are, therefore, distinguished on
the basis of their DNA. To date, over 140 different HPVs have been
described, and each is associated with specific clinical lesions. Of these
viruses approximately 25–30 are associated with genital track lesions
and a subset of these viruses (referred to as the “high risk” HPVs) are
associated with a risk for malignant progression (3).

Many of the HPV genomes have been completely or partially se-
quenced. The genomes are double-stranded closed circular DNAs of
approximately 8000 base pairs. All of the open reading frames (ORFs)
greater than approximately 400 bases in size are located on one strand
and are indicated as arcs outside of the circular genome. These ORFs
could encode the viral proteins. All of the detectable viral mRNAs are
transcribed from one strand (4). The genomic organization of all the
papillomaviruses is quite similar. The known HPV gene functions are
listed in Table 1.

Papillomaviruses and Cancer

The Shope cottontail rabbit papillomavirus (CRPV) was the first
papillomavirus to be identified (1). It induces benign cutaneous papil-
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lomas in rabbits that can progress to invasive squamous cell carcinoma
(5,6). Such malignant progression is more frequent and more rapid in
lesions painted with a co-carcinogen such as coal-tar or methylcholan-
threne (7). The role of cofactors in malignant progression of papillo-
mavirus-induced lesions is a general one and may be important in
those cancers associated with papillomaviruses in humans. Despite
important early studies with CRPV establishing the carcinogenic po-
tential of the papillomaviruses, an awareness of the potential role of
the papillomaviruses in human cancers did not emerge until the 1970s.

The first evidence linking a HPV with human cancer came from
studies in the 1970s of skin cancers in patients with epidermodysplasia
verruciformis, a rare X-linked genetic disorder in which patients are
covered with flat warts or pityriasis-like lesions caused by unusual
HPV types (such as 5, 8, or 17) (8). In about 20% of patients, these
lesions progress to skin cancers, usually in sun-exposed areas. These
same viruses have also been found associated with skin cancers arising
in immunosuppressed patients, such as renal transplant patients.

A broader interest in the role of HPVs and human cancer came in the
mid-1980s with the discovery of HPV16 and HPV18 in cervical cancers.
These same high risk HPVs were also found associated with the
preneoplastic dysplasias recognized as precursor lesions to cervical
cancer. A subset of the human papillomaviruses has now been associ-
ated with anogenital lesions (9). In general, HPV-6 and HPV-11 have
been associated with venereal warts, benign lesions that are less likely

TABLE 1
Papillomavirus Genes and Gene Functions

Genes Functions

E1 DNA Replication, Helicase activity, ATP binding, ATPase.
E2 Transcription regulation and auxiliary role in DNA replication.

Required for genome maintenance in persistent infections.
E3 None yet assigned.
E4 Abundant cytoplasmic protein in warts.

Disrupts keratin filaments.
E5 Transformation. Prevents the down-regulation of activated receptors.
E6* Transformation. Binds E6AP and promotes ubiquitylation and

degradation of p53. Also binds other cellular proteins including
paxillin and IRF3. Activates transcription of cellular telomerase.

E7* Transformation. Binds and inactivates pRB. Interferes with
centrosome duplication leading to aneuploidy.

E8 None yet assigned.
L1 Major capsid protein.
L2 Minor capsid protein.

* E6 and E7 are the viral genes that are expressed in HPV positive cancers.
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to progress to carcinoma. HPV types 16, 18, 31, 33, 35, and 39 are
found in the invasive carcinomas, as well as dysplasias and in situ
carcinomas, which may progress to malignancy. Approximately 95% of
human cervical cancers harbor a high risk HPV, usually integrated
into the host chromosome (3).

HPV Expression in Cervical Cancer

In general, HPV DNAs are found as extrachromosomal plasmids in
benign precursor dysplastic lesions. In contrast, the DNA is often
integrated in malignant lesions. Integration generally occurs in a
manner that disrupts the integrity of the E2 gene resulting in the loss
of E2 expression (2). Since E2 represses E6 and E7 expression, loss of
E2 results in the dysregulated expression of E6 and E7, which have
transforming activities. It has been postulated that the deregulated
expression of E6 and E7 in cervical carcinomas may play an early role
in carcinogenic progression. RNA studies have shown that E6 and E7
are invariably expressed in human cervical cancers (3).

Those HPVs that have been associated with lesions with a high risk
for malignant progression (i.e., HPV-16 and HPV-18) are capable of
transforming a variety of cells in tissue culture, including primary
human keratinocytes. Genetic studies have shown that the E7 gene is
sufficient for transformation of established rodent cell lines such as
NIH 3T3 cells, and that E7 is sufficient for cooperation with an acti-
vated ras gene in transforming primary baby rat kidney cells.

E7 is, however, not sufficient for the immortalization of primary
human keratinocytes. Both E6 and E7 are necessary (10,11). Interest-
ingly, cells transformed by E6 and E7 are immortalized but are not
tumorigenic in nude mice and, therefore, are not considered fully
transformed. The dysregulated expression of the HPV viral oncopro-
teins (E6 and E7) is not sufficient for the full malignant phenotype.
Other genetic events are necessary for the progression of an HPV
lesion to a cancer. Expression of E6 and E7 likely contributes to
genomic instability providing the opportunity for additional mutations
to accumulate within the cell. This would explain why it is estimated
that it takes approximately 20 years for cervical cancer to develop
following the initial infection.

The HPV E7 Oncoprotein

The E7 protein encoded by the “high risk” HPVs is a small nuclear
protein of about 100 amino acids, has been shown to bind zinc, and is
phosphorylated by casein kinase II (CK II). Insight into its mechanism
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of action came initially from the recognition that E7 has functional
similarities with the adenovirus (Ad) 12S E1A product (12). Like Ad
E1A, E7 can transactivate the Ad E2 promoter, induce DNA synthesis
in quiescent cells, and cooperate with an activated ras oncogene to
transform primary rodent cells.

In addition to these functional similarities, the HPV-16 E7 shares
amino acid sequence similarity with portions of the AdE1A proteins
and the SV40 large tumor antigen (TAg). The conserved regions in all
of these oncoproteins bind cellular proteins, one of which is the product
of the retinoblastoma tumor suppressor gene pRB (13,14).

The retinoblastoma protein is a member of a family of cellular
proteins that also include p107 and p130 which are homologous in
their binding “pockets” for E7, AdE1A, and SV40 TAg. The retinoblas-
toma protein is the most extensively studied member of this family of
proteins. Its phosphorylation state is regulated through the cell cycle,
being hypophosphorylated in G0 and G1 and phosphorylated during S,
G2, and M. pRB becomes phosphorylated at multiple serine residues
by one or more cyclin-dependent kinases (cdk) at the G1/S boundary
and remains phosphorylated until late M when it becomes hypophos-
phorylated again through the action of a specific phosphatase. Since
pRB acts as a negative regulator of cell growth at the G1/S border, it
follows that the hypophosphorylated form represents the active form
with respect to its ability to inhibit cell cycle progression. HPV-16 E7,
like SV40 TAg, binds preferentially to the hypophosphorylated form of
pRB, consistent with the model that this interaction results in the
functional inactivation of pRB and permits progression of the cell into
S phase of the cell cycle (15). This property of the viral oncoproteins to
complex pRB would appear to account, at least in part, for their ability
to induce DNA synthesis. The engagement of pRB by E7 of the cancer
associated HPVs results in its degradation (16). Consequently the
levels of pRB are reduced in cells expressing E7. Figure 1 depicts a
schematic of the cell cycle with pRB being targeted by E7.

Genetic studies of HPV-16 E7 have revealed that an intact and
high-affinity pRB binding site is necessary for transformation of rodent
cells. The amino terminal sequences of E7, which are similar to CR1
and Ad E1A may also effect cellular transformation independent of the
pRB binding. Mutational studies have demonstrated the importance of
the amino terminus of E7 in its transformation functions. Recent
studies have implicated a large cellular protein, p600, as a potential
target of E7 through this amino terminal domain (17). In addition to
stimulating cell cycle progression through inactivating pRB, E7 has
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also been shown to cause over-replication of centrosomes and aneu-
ploidy (18).

The HPV E6 Oncoprotein

Although HPV-16 E7 is sufficient for the transformation of estab-
lished rodent cells such as NIH3T3 cells and for cooperation with ras
in the transformation of baby rat kidney cells, E6 together with E7 is
required for the efficient immortalization of primary human fibro-
blasts or keratinocytes. E6 together with E7 can extend the life span of

FIG. 1. E7 abrogates the cell cycle regulation mediated by pRB (as well as the related
proteins p107 and p130) by complex formation. During the cell cycle, pRB is differen-
tially phosphorylated (indicated as pRB for the under-phosphorylated form and as ppRB
for the phosphorylated form). The under-phosphorylated form is detected in G0/G1. This
under-phosphorylated form is the active form of pRB, acting as a negative regulator of
the cell cycle. During the transition to the S-phase, pRB is phosphorylated by cyclin-
dependent kinases (cdk), resulting in the inactivation of its cell cycle regulatory func-
tions. Members of the E2F family of cellular transcription factors are preferentially
bound to the under-phosphorylated form of pRB, which functions to repress their
function as transcription activators. Phosphorylation of pRB results in the release of the
E2F factors allowing them to function as transcriptional activators of cellular genes
involved in cellular DNA synthesis and progression into the S phase of the cell cycle. E7
binding to pRB results in its ubiquitylation and degradation, resulting in the consequent
release of the E2F family of transcription factors to activate expression of genes neces-
sary to turn on the cellular DNA replication machinery (15).
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human keratinocytes and lead to the emergence of clones with an
immortalized phenotype and resistant to challenges to terminal differ-
entiation. This property is dependent upon the full length E6 gene.
How does E6 achieve this function?

Each of the small DNA tumor viruses encodes mechanisms to
complex and functionally inactivate the tumor suppressor gene prod-
uct p53. Like the SV40 TAg and the Ad5 E1B 55K protein, the E6
proteins encoded by the high risk HPVs can complex with p53 (19).
This interaction is specific for the high-risk HPV E6 proteins and not
the low risk HPV E6 proteins. p53 is a sequence specific transcrip-
tional transactivator that functions in regulating cell growth and
tumor growth suppression. Downstream transcriptional targets of
p53 include the cyclin dependent kinase inhibitor p21, as well as
several pro-apoptotic genes. By targeting p53, the viral oncoproteins,
SV40 TAg, AdE1B 55K and E6 efficiently counter the activation of
these cell cycle inhibitor and pro-apoptotic pathways. Shown in
Figure 2 is the p53 pathway regulated by the high risk HPV E6 and
E7 proteins.

Although SV40 TAg, the Ad5 E1B 55-kDa protein, and the high-risk
HPV E6 proteins all can complex p53, the consequence of these inter-
actions is different with respect to the stability of the p53 protein. In
SV40- and adenovirus-transformed cells, levels of p53 are usually quite
high and the half-life of p53 is increased. In contrast, the levels of p53
in HPV-infected cells are low compared to uninfected primary host
cells. Unlike TAg and the E1B 55-kDa protein, which may inactivate
p53 at least in part by sequestering it into stable complexes, the E6
proteins of the high risk HPVs inactivate p53 by inducing its degra-
dation. This was first demonstrated by in vitro studies that showed
that the high-risk HPV E6 proteins could facilitate the rapid degrada-
tion of p53 through the ubiquitin-dependent proteolytic system (20).
The low-risk HPV E6 proteins, which do not bind detectable amounts
of p53, have no effect on p53 stability in vitro.

In addition to the in vitro evidence that the high-risk HPV E6
proteins accelerate the degradation of p53, E6 also appears to affect
the stability of intracellular p53 in vivo. Levels of p53 in E6-immor-
talized cells or in HPV-positive cervical carcinoma cells are, on aver-
age, two- to three-fold decreased compared to primary cells. The half-
life of p53 is reduced markedly in human keratinocytes expressing E6
(21). In uninfected cells, intracellular p53 levels increase significantly
in response to DNA damage induced by gamma irradiation or other
agents. The higher levels of p53 are thought to result in growth arrest
or apoptosis of the treated cells, which may be a cell defense mecha-
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nism that would allow for the DNA damage to be repaired prior to the
initiation of a new round of DNA replication. E6-expressing cells,
however, do not manifest a p53-mediated cellular response to DNA
damage, indicating the ability of E6 to promote the degradation of p53
and prevent the steady level of p53 to rise above a certain threshold
level. Under DNA-damaging conditions, the E6-stimulated degrada-
tion of p53, therefore, abrogates the negative growth-regulatory effect
of p53 and contributes to genomic instability.

E6 does not bind p53 directly. The binding is mediated by the E6
Associated Protein (E6AP), identified as the cellular protein that al-
lowed the oncogenic E6 protein to bind p53 (Figure 3) (22). Subsequent
studies revealed that E6AP is an E3 ubiquitin protein ligase, a class of
proteins responsible for substrate recognition by the cellular ubiquity-
lation machinery (23). E6AP is the founding member of this class of
enzymes which are referred to as HECT E3 ligases (24). These are
recognized through a conserved C-terminal 350 amino acid domain.

FIG. 2. The level of p53 in primary cells is generally low. DNA damaging agents, viral
infection, and expression of E7 increase the level of p53 through a combination of
mechanisms including increased protein stability and translation. Elevated levels of p53
can result in either apoptosis or a cell cycle checkpoint arrest in G1 through the
transcriptional activation of pro-apoptotic genes and the cyclin dependent kinase inhib-
itor, p21. Viral oncoproteins may interfere with this negative growth regulatory function
of p53, either by sequestering p53 into a stable, but non-functional complex (such as with
SV40 TAg or the Ad5 55 kDa E1B protein) or by ubiquitylation and enhanced proteolysis
as observed with the high risk HPV E6 proteins.
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Indeed HECT stands for Homologous to the E6 carboxyl terminus.
E6AP was the first mammalian E3 enzyme to be identified and char-
acterized. HPV E6 functions by binding to E6AP and directing its
ubiquitin protein ligase activity to p53. The biochemical pathway for
the E6 and E6AP ubiquitylation of p53 has been determined (Figure 4).
In the absence of E6, E6AP does not bind to p53 and is not directly
involved in the regulation of p53 protein stability (25). The E6AP gene
has also been linked to Angelman syndrome, a human imprinted
genetic disorder, characterized by mental retardation, seizures and a
number of other neurological characteristics (26). It is postulated that
the loss of the E6AP ubiquitin protein ligase activity in specific neu-
rons resulting in a failure of the normal E6AP substrates to be ubiq-
uitylated and degraded may underlie the pathogenesis of this disorder.
Several E6-dependent and E6-independent substrates for E6AP have
now been identified. In addition the hHR23 and hPLIC families of
ubiquitin like proteins have been identified through studies with E6AP
as potential links between the ubiquitylation machinery and the pro-
teasome (27).

Although E6 is a small protein, it is pleiotropic, and not all of its
transforming activities can be explained through p53. A number of
additional cellular targets have now been identified for the high-risk
E6 proteins. As an example, the bovine papillomavirus E6 protein has
oncogenic properties but does not engage p53. Instead, paxillin, ap-
pears to be a relevant target for the BPV-1 E6 transformation function
(28,29). Interestingly the high-risk E6 oncoproteins contain a X-(S/T)-

FIG. 3. The papillomavirus E6 protein binds the cellular E6AP protein and forms a
ternary complex with the p53 tumor suppressor protein. E6AP is an E3 ubiquitin protein
ligase that is then redirected to promote the ubiquitylation of p53. Polyubiquitylated p53
is recognized by the proteasome for degradation.
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X-(V/I/L)-COOH motif at the extreme C-terminus that can mediate the
binding of cellular PDZ domain containing proteins. This motif is
unique to high-risk HPV E6 proteins and is not present in the E6
proteins of the low risk HPV types. The high risk HPV E6 proteins
have been shown to bind a number of cellular PDZ domain containing
proteins including hDlg (the human homologue of the Drosophila mela-
nogaster tumor suppressor discs large protein), MUPP1 (the multi-
PDZ domain protein) and hScrib (the human homologue of Drosophila
scribble) (30–33). PDZ domains are domains that have been recognized
in a number of proteins and that are involved in mediating binding to
binding to specific peptide regions in proteins. E6 binding to these
PDZ-containing proteins results in their E6AP mediated ubiquityla-
tion and proteolysis (33,34). These PDZ containing proteins have been
shown to be involved in negatively-regulating cellular proliferation. At
least some of the p53 independent transforming activities of the high

FIG. 4. HPV E6-mediated ubiquitylation of p53. E6 binds the cellular protein E6AP
to functions as an E3 (ubiquitin protein ligase in the ubiquitylation of p53 (23). The
ubiquitylation of a protein involves three cellular activities: E1 (ubiquitin activating
enzyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin protein ligase). Ubiquitin
is activated in an ATP dependent manner and bound to E1 through a high energy
thiolester bond. It is then transferred to the E2 ubiquitin conjugating enzyme, again
through a thiolester linkage. Ubiquitin can then be transferred to a cysteine within the
HECT domain of E6AP, again as a thiolester linkage (46) through the direct binding of
E6AP with UbcH7 or UbcH8 (47). In conjunction with HPV-16 E6, E6AP then recognizes
p53 and catalyses the formation of an isopeptide bond between the carboxy-terminal
glycine of ubiquitin and a lysine side chain of p53. Noteworthy is that the turnover of
E6AP itself is increased in the presence of E6, presumably a result of its increased
enzymatic activity mediated by E6.
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risk E6 oncoproteins may be linked to their ability to bind and degrade
some of these PDZ motif-containing proteins. E6 has also been re-
ported to bind the transcriptional co-activator p300/CBP, a target also
of Ad E1A and SV40 large T-antigen (35,36). The physiologic relevance
to the transformation functions of the other E6 cellular targets has not
yet been elucidated. It is possible that the binding of E6 to some of
these targets could contribute to the viral pathogenic functions unre-
lated to cellular transformation.

E6 has a number of other activities and binding partners. It acti-
vates transcription of hTERT, the catalytic subunit of the cellular
telomerase, thereby contributing to the immortalization phenotype of a
transformed cell (37). A number of models have been proposed involv-
ing E6AP, binding of the Myc oncoprotein, and binding of a repressor
transcription factor NFX1 (37–42). A mechanistic understanding of
how E6 activates TERT, however, is not yet clear. E6 can also bind IRF3,
and as such may help the cells evade innate immune responses (43,44).

Discussion and Concluding Comments

Approximately 20% of human cancers are associated with a viral
etiology. In addition to HPV, Epstein Barr Virus (EBV) is associated
with African Burkitt’s lymphoma, nasopharyngeal carcinoma, some
forms of Hodgkins disease, and potentially a number of other can-
cers. Hepatocellular cancer in man is associated with hepatitis B
virus and hepatitis C virus. The only retrovirus to be linked to cancer
in humans is HTLV in adult T-cell leukemia. In addition herpesvirus
8 (also known as KSHV) is associated with Kaposi’s sarcoma. For
each of these viruses, the best understood from a mechanistic stand-
point is HPV. The identification of p53 and pRB as the cellular
targets of E6 and E7, helped to establish the etiologic role that HPV
plays in human cervical cancer. Vaccination trials using Virus Like
Particles (VLPs) are now underway by at least 2 pharmaceutical
companies and show extraordinary preliminary results (45). If the
vaccine can be taken into under-developed countries, it has the
potential to significantly impact the major morbidity and mortality
associated with human cervical cancer, the second most common
cause of cancer deaths among women worldwide (approximately
250,000 deaths per year).
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DISCUSSION
Lemon, Galveston: Peter, a wonderful talk. Can you tell us something about the

regulation of E6AP.
Howley, Boston: E6AP is a conserved cellular protein that’s expressed in every cell

type. Like many E3 ubiquitin protein ligases, E6AP is more rapidly turned over and
degraded when activated. So for instance, in the presence of HPV E6, the half-life is
shorter and levels of E6AP are lower due to the fact that E6 stimulates its activity.

Lemon: Is it regulated through the ubiquitin-proteasome pathway also?
Howley: It’s upstream of the proteasome pathway, although E6AP might itself be

closely linked to the proteasome through interactions with ubiquitin-like proteins, such
as hPLIC. The PLIC proteins are ubiquitin-like proteins that may link the ubiquitylation
pathway with the proteasome pathway. So we think that the ubiquitylation pathway and
the proteasome may be more hard-wired than was previously thought.

Lemon: But in terms of E6AP abundance and E6AP regulation, is it degraded?
Howley: Yes it is degraded in a ubiquitin- and proteasome-dependent manner.
Lemon: Do we know the E3 ubiquitin ligase for that?
Howley: The presumption is that through its activation, E6AP is auto-ubiquitylated

and, therefore, serves as its own E3 ligase.
Hait, New Brunswick: If there’re these limitations on the HPV vaccine, have you
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thought about, based on these pathways and mechanisms, other approaches to limiting
the cervical infection by papillomavirus?

Howley: An aspect of our laboratory work is actually screening for small molecule
inhibitors of the E6 degradation of p53 with the rationale that stabilization of p53 in the
presence of the proliferation signal provided by E7 would provide a pro-apoptotic signal
in the infected cells. Our hope is to identify molecules that could potentially be developed
into cancer or antiviral therapeutics.

Tweardy, Houston: You may not know the answer to this, but, in the course of p53
binding to E6AP, does it get sequestered or localized within the cell in a different way
than in the absence of that binding?

Howley: That’s a very good question. There are experiments that have been done by
Arnold Levine’s laboratory that have looked at the degradation of p53 and have shown
that there needs to be shuttling between the nucleus and the cytoplasm for MDM2
degradation of p53, the normal pathway by which p53 is degraded. In those experiments,
his laboratory was able to show, using leptomycin B, that shuttling of p53 was also
required in the present of E6 and presumably also E6AP for degradation. So, it’s not
clear where the degradation of p53 actually occurs, whether it’s cytoplasmic or nuclear,
but it is clear that that shuttling between the nucleus and the cytoplasm is required.
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