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Heightened protein-translation activities in mammalian cells and the
disease/treatment implications
Chung-I Wu∗ and Haijun Wen∗

After cells divide, the new cells have to
synthesize all the necessary cellular com-
ponents in time for the next division.
There is a lower bound of time required
for cells to double their contents. For
mammalian cells, this lower bound may
be around 20 hours, as artificial selection
for faster-dividing cells has not pushed
cell lines to go below this ‘barrier’ in dou-
bling time.The occasional exceptions are
those that appear to ‘prove the rule’. For
example, yeast cells can divide once ev-
ery 1.5 hours [1,2], and the fastest rate
of cell divisions inmetazoansmay be that
of the embryonic cells of Drosophila, at

5 minutes per cycle [3]. Thus, at least for
eukaryotic cells, the rate-limiting step is
not the replication of DNA.

This rate-limiting step is central to
cell biology as well as many diseases (al-
though emphasis has been shifting to
mutation-based approaches such as gene-
targeting and vaccine development). For
the components along the central dogma,
each cell has only two copies of the DNA
for every gene and the median number
of mRNAs in mammalian cells has been
reported to be ∼17. Strikingly, the me-
dian number of proteins is 50 000 [4]. As
there is a 3000-fold increase in quantity

from mRNA to protein, whereas the in-
creases in DNA and mRNA content are
only 2-fold and 17-fold, respectively, the
rate-limiting step is likely to be protein
synthesis [5]. Indeed, protein translation
is an energy-demanding process [6], con-
suming 30% of the energy used by mam-
malian cells.

Normal cells apparently function
within the constraint imposed by the
rate-limiting step. Similarly, the limit
may not pose a hurdle for most disease
progressions as cells of the diseased
tissues usually under-perform without
exceeding the limit. However, there are
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two types of cells that may push close
to, or even beyond, the limit; these cells
‘over-perform’ in the translation step.

The first type is cancer cells, which di-
vide much more often than normal cells,
thus they have to translate proteins at a
much higher rate than normal cells. The
second type is cells infected with viruses,
which force their ‘host’ cells to make
large quantities of proteins. Here, con-
trolling the rate-limiting step may hold
the key to dampening protein translation
and, hence, alleviating symptoms or even
suppressing disease. At the present time,
virus-infected cells deserve intense atten-
tion. We will nevertheless discuss cancer
cells briefly in terms of conceptual back-
ground and resource availability, which
are better understood in cancer than in
virus infection.

CANCERS
In the last two decades, cancer research
has focused on the mutations underly-
ing tumorigenesis, with efforts culminat-
ing in the search for ‘driver mutations’
(TCGA [7–9]). The literature is massive
but a simple lesson has been that differ-
ent tumors, even of the same pathologi-
cal type, often have non-overlapping sets
of mutated genes [7,8,10]. Tumors are,
hence, like unhappy families, each being
unhappy in its ownway.Thedivergent ge-
netic bases driving tumorigenesis are re-
flected in the low reproducibility ofmany
cancer biological studies [11–13]. Differ-
ent studies may encounter different evo-
lutionary trajectories that do not repeat
themselves [14,15].

Furthermore, for those cancer cases
with known driver mutations, gene-
targeting treatments have not worked
out as well as expected because of
within-tumor heterogeneity [16–18].
For example, Ling et al. [17] showed that
the basic neutral evolutionary process
leads tomassive accumulations of coding
region mutations, even in tumors of
moderate size. Because almost all coding
site mutations are expected in such
tumors, the emergence of resistance to
targeting therapy is anticipated.

Against this backdrop, the more tra-
ditional chemotherapies that target cell
components involved in tumorigenesis

deserve renewed attention. Chemother-
apies do target molecules that function
in some aspects of cell proliferation, but
are only weakly affected by somatic mu-
tations. In other words, they target the
molecular ‘phenotypes’ rather than the
genetic mutations. Using chemo-agents,
it may be most effective to focus on the
rate-limiting step in cell division, which
is likely to be protein translation (as de-
scribed previously). Targeting the trans-
lation step quantitatively can be done by
i) reducing the output of ribosomes (in-
cluding rRNA and ribo-proteins), or ii)
interfering with the interactions between
tRNAs and ribosomes.

In this Perspective, we will focus on
the second approach, repressing protein
translation by targeting the
tRNA–ribosome interaction. (Although
the first approach is likely to be more
effective against cancers [19], the details
are beyond the scope of a short Perspec-
tive such as this.) For viral infections,
this second approach may be effective
thanks to a key molecule, Homoharring-
tonine (HHT), a cytotoxic plant alkaloid
extracted from Cephalotaxus species
[20]. HHT is referred to as omacetaxine
mepesuccinate in its semi-synthetic
form. HHT competes with the amino
acid side chains of aminoacyl-tRNAs for
binding to the A-site cleft of the ribo-
some. The competition may hinder the
correct positioning of aminoacyl-tRNAs
and prevent protein elongation [21–24].
Clearly, HHT would affect those pro-
teins with short half-lives strongly as
their amounts would decrease rapidly
without replenishment [25,26].

HHT was approved by the FDA for
treatment of chronic myeloid leukemia
(CML) in 2012 [27]. Since then, sev-
eral clinical trials on patients with various
forms of leukemia have demonstrated the
efficacy and safety of HHT in hemato-
logical malignancies.These include acute
myeloid leukemia (AML [28]), FLT3-
ITD AML (with FLT3-ITD mutations
[29]), and higher risk-myelodysplastic
syndromes or chronic myelomonocytic
leukemia [30]. HHT is also effective in a
subset of patients with chronic myeloid
leukemia in the accelerated phase or
blast phase, suggesting that HHT may
work particularlywell against very rapidly

dividing cells [31]. In contrast, results
of HHT in solid tumors were negative,
likely because of the large percentages
of slowly dividing cells in solid tumors
[32,33].

VIRUSES
Like cancer cells, virus-infected cellsmust
make much larger quantities of proteins
than normal. These cells are making viral
particles rather than the proteins they re-
quire for themselves. Among the viruses,
we shall focus mainly on the single-
stranded RNA viruses (SS+ for short,
+ meaning positive strand), which have
been extensively investigated. It has been
shown that SS+ viruses can quickly take
over translation in human cells. Within a
few hours of infection, translation activi-
ties for host cells’ own needs decrease by
more than 80% [34].

Because virus-infected human cells
expend most of their effort on translating
viral proteins, it would seem logical to re-
press protein translation as ameans of re-
pressing viral production. In otherwords,
the attack would be on the cellular com-
ponents, rather than on the viruses them-
selves. However, such an approach raises
two questions.

Why attack the cellular
machineries assisting viruses,
rather than attacking the viruses
directly?
We should note that many research and
development efforts are indeed devoted
to this aspect of controlling viral in-
fection. For example, favipiravir target-
ing RDRP (RNA-dependent RNA poly-
merase, which is specific to the virus)
has been declared at least partially effec-
tive in treating patients. Nafamostat is
also reported to be capable of preventing
viruses from entering cells via the ACE2
receptor. Other nucleoside analogs, such
as ribavirin and remdesivir, that inter-
fere with viral replications are also be-
ing tested [35]. Unfortunately, when
re-purposed for treating SS+ viral infec-
tions, most approved drugs have high
IC50 (usually in the micromolar range),
which is difficult to achieve in clinical
applications [36]. Thus, many emerging
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Table 1. Tissue expressions of the six largest human proteins.

CDS
Gene length (nt) Tissue expression

TTN 107976 Heart (4E+09) Small intestine (3E+07) Fat (2E+07)
MUC16 43524 Fallopian tube (2E+06) Lung (3E+05) Liver (2E+05)
OBSCN 26772 Heart (4E+08) Pancreas (5E+06) Colon (2E+06)
SYNE1 26394 Fallopian tube (4E+07) Brain (4E+07) Stomach (2E+07)
NEB 25683 Heart (6E+06) Prostate (5E+06) Tonsil (3E+06)
SYNE2 20724 Testis (6E+07) Placenta (4E+07) Kidney (3E+07)

For each gene, the three tissues with the highest expression levels are shown. Numbers in the brackets indicate the nor-
malized iBAQ values of protein expression (extracted from [44]).

SS+ viruses are still without effective an-
tiviral drugs and re-purposing of other
existing treatment strategies is urgently
needed [36,37]. We suggest that the re-
purposing should span awider range than
commonly attempted, for example, from
cancer to viral infections.

Would such an approach result
in effective attack on infected
cells while sparing uninfected
cells, hence reducing
undesirable cytotoxicity?
The short answer is ‘maybe’. Because
the target is the aberrantly heightened
translation activities in the infected cells,
selective targeting is plausible. The is-
sue has been addressed empirically. Since
2004 after a public health crisis similar
to the current one subsided, the interfer-
ence with the translation machinery has
become an emerging approach in anti-
virus studies [38,39]. In particular, HHT
appears to be one of the most effective
(if not the most effective) drugs against
SS+ viruses in several studies. HHT in-
hibited Chikungunya virus infection very
effectively and with minimal cytotoxicity
at 1 μM concentration [40]. In in vitro
screening based on 727 compounds from
the existing library, HHT was found to
be the strongest inhibitor of various SS+
viruses, with an IC50 as low as 12 nM
[41]. Most recently, anti-viral activity of
HHTwas reported at nanomolar concen-
trations against porcine epidemic diar-
rhea virus andEchovirus 1 [42,43].While
these experimental studies suggest that
HHT can be effective against many SS+
viruses, the mechanisms of effectiveness
need to be understood (or at least pos-
tulated) as a basis for possible clinical

applications. Two parallel mechanisms
mayoperate side-by-side thatmakeHHT
a particularly effective drug against SS+
viruses.

The first is a general mechanism of
translation repression that works in most
cells. When the synthesis of new pro-
teins is halted, those with a short half-
life quickly become too few to meet the
demand. In cancers such as AML, this
mechanism is often cited as the reason for
the efficacy of HHT whereby many tran-
scription factors driving cancer progres-
sion are in short supply. Similarly, pro-
teins that are needed in large quantities
will quickly decrease below the threshold.
For SS+ virus, structural proteins includ-
ing the four main ones (S, M, E and N
for spike, membrane, envelope and nu-
cleocapsid proteins) are in this category.
If there are no new structural proteins
made, there will be no new viral particles.

The secondmechanism is of particular
interest. Many SS+ viruses have an un-
usual coding strategy by stringing many
of their non-structural proteins (nsp)
into a super-polypeptide, which is then
cleaved into individual proteins. These
super-proteins can be upward of 700 kda
(∼8000 amino acids, or AAs, in length)
in a size range where very few host
proteins are found (Table 1 and
Table S1). In discussing the mecha-
nism of disrupting very large proteins,
we shall consider the clinical dosage
of HHT, which is usually at the nM
level. In contrast, the concentration in
laboratory experiments is usually several
hundred-fold higher than in the clinical
setting.

At low (clinical) concentration, HHT
disrupts protein elongation by prevent-
ing the incoming aminoacyl-tRNA from

unloading its amino acid cargo [21];
thus, longer proteins are more likely to
be aborted before completion. Assum-
ing that HHT interferes with each step
of peptide elongation by a probability p,
the cumulative probability of complet-
ing the synthesis of a protein with k AAs
would be (1-p)∧k∼ e−pk. If a protein of
500 AAs in length has an 80% chance of
surviving the HHT treatment, then one
that is 8000 AAs long will be successfully
translated only 4% of the time.

While the mechanism at high and low
concentrations of HHT should not be
different, quantitative differences could
be mis-construed as qualitative in nature.
At the high concentration commonly
used in the laboratory experiments, pmay
be close to 1, especially near the trans-
lation start site. With high p value, the
probability of translating beyond the first
few AAs is small. This may be the reason
for the common interpretation thatHHT
represses the ‘initial translation’ of pro-
teins. This is discussed in more detail in
the Supplementary data.

As the nsp super-protein of the virus
is crucial for viral production, it offers an
opportunity for virus-specific targeting.
The question is whether, and how, the
very large proteins in normal human
cells could be similarly affected. Table 1
shows the six largest human proteins, all
>7000 AAs in length (see [44]). Their
expressions are mainly in the heart and
reproductive tissues, although the fourth
to sixth ranked proteins have a broader
tissue distribution. Table S1 presents
data on the 23 proteins that are >5000
AAs in length, some of which also have
a broad tissue distribution. Fortunately,
the mRNAs and polypeptides of these
very large proteins do not have shorter
half-lives than the genomic average, at
>48 hours for the large proteins (see Fig.
1a, b).These general patterns suggest that
targeting very large proteins may disrupt
the viral production, withminimal effects
on the functions of the normal cells.

In short, the viral coding strategy of
producing one or two ‘super proteins’ is
perhaps efficient but could also be the
Achilles heel of the SS+ viruses. We hy-
pothesize that this mechanism may play
a role in the efficacy of HHT in suppress-
ing viral production.
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Figure 1.mRNA (a) and protein (b) half-lives of mammalian genes as a function of the protein size (extracted from [4]). The values of the largest proteins
with >5000 amino acids are shown in the red-border boxes. In Table 1, we note that large proteins are often tissue-specific. Because the half-lives
of these large proteins, at >50 hours, are not unusually short, halting the production of large proteins transiently when treating virus-infected cells
should not have large cytotoxicity effects.

Potential of HHT in reducing
viral load in clinical settings
The hypothesis of the mechanisms of
translation repression suggests potential
application of HHT in treating viral in-
fections in the current crisis. In particu-
lar, HHT, with IC50 = 12 nM in vitro,
is known to be one of the most effec-
tive drugs at repressing translation, thus
making it less of a challenge to sustain
adequate concentration near the infec-
tion sites. The clinical dosages of HHT
in fighting leukemia [27] seem quite ad-
equate to treat viral infections in vivo
[42], at roughly 0.05mg/kg per day. Fur-
thermore, in animal experiments (piglets
infected with porcine epidemic diarrhea
virus [42]), the treatmentwould yield de-
tectable reductions in viral load in 3 days,
while the leukemia treatment lasts for six
cycles, each cycle being 14 days of treat-
ment followed by 14 days of rest. Hence,
the toxicity effect at the clinically effec-
tive dosage should be more manageable
in treating viral infections than in treating
cancers.

Although using HHT to treat SS+ vi-
ral infections in humans is a theoretical
conjecture, it is, nevertheless, based on

understanding of the underlying mecha-
nisms. For possible clinical applications,
we will add two more considerations and
one caveat. First, one may imagine us-
ing higher doses in the early phases of
treatment to stop production of struc-
tural proteins. This may lead to quick
shedding of the viral load. Subsequently,
one may switch to lower doses sufficient
to abort the translation of the multi-nsp
super-protein, thus persistently suppress-
ing the re-emergence of viral production.
Second, it may be possible to use a neb-
ulizer to deliver HHT to the lung, as-
suming that it is the main infected organ.
Nebulization is apparently being used in
current clinical practices to treat SS+
viral infections.Thedrugmay then spread
to other organs via the blood circulation
through the lungs, which would receive a
higher dose than other tissues.

Thecaveat is that the proposal is about
suppressing viral production and reduc-
ing the viral load. After tissues are dam-
aged by the viral infection, either directly
or indirectly via other infections or im-
mune over-response, the treatment may
or may not be too late. Furthermore,
while the treatment strategy aims at

viral suppression with minimal damage
to the uninfected cells, the recovery of
the infected cells after viral clearance will
not be known until relevant clinical data
are available.The caveat suggests that the
proposedHHT treatment should start as
soon as the symptom appears. In theory,
the strategy should arrest the progression
of infection at the stages where the im-
mune system can function properly.

CONCLUSION
HHT was identified about 50 years ago.
Its mechanisms of action and safety
are now well understood, leading to
wide uses in treatment of cancer. It
also inhibits SS+ viral replication at the
nanomolar concentration, making clin-
ical application achievable in patients.
Furthermore, HHT targets the highly
conserved translationmachinery without
unduly interfering with the immune sys-
tem. By reducing the viral load, HHT
may help the immune system to function
properly under reduced stresses.

In this Perspective, we treat the ur-
gent and pragmatic issues as theoretical
problems. Many clinical phenomena are
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in this category. Cancers [10,13,45–48]
and viral infections are two immediate
examples.
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23. Gürel G, Blaha G and Moore PB et al. J Mol Biol

2009; 389: 146–56.
24. Garreau de Loubresse N, Prokhorova I and

Holtkamp W et al. Nature 2014; 513: 517–22.
25. Tang R, Faussat A-M andMajdak P et al. Mol Can-

cer Ther 2006; 5: 723.
26. Kuroda J, Kamitsuji Y and Kimura S et al. Int J

Hematol 2008; 87: 507–15.
27. Alvandi F, Kwitkowski VE and Ko C-W et al.

Oncologist 2014; 19: 94–9.
28. Jin J, Wang J-X and Chen F-F et al. Lancet Oncol

2013; 14: 599–608.
29. Lam SSY, Ho ESK and He B-L et al. Sci Transl Med

2016; 8: 359ra129.
30. Sanchez-Petitto G, Garcia-Manero G and Short

NJ et al. J Clin Oncol 2018; 36: 7066.

31. Khoury HJ, Cortes J and Baccarani M et al. Leuk
Lymphoma 2015; 56: 120–7.

32. Takemura Y, Ohnuma T and Chou T-C et al. Cancer
Chemother Pharmacol 1985; 14: 206–10.

33. Kantarjian HM, Talpaz M and Santini V et al.
Cancer 2001; 92: 1591–605.

34. Tahara SM, Dietlin TA and Bergmann CC et al. Vi-
rology 1994; 202: 621–30.

35. Wang M, Cao R and Zhang L et al. Cell Res 2020;
30: 269–71.

36. Li G and De Clercq E. Nat Rev Drug Discov 2020;
19: 149–50.

37. De Clercq E and Li G. Clin Microbiol Rev 2016; 29:
695–747.

38. Zumla A, Chan JFW and Azhar EI et al. Nat Rev
Drug Discov 2016; 15: 327–47.

39. Kaufmann SHE, Dorhoi A and Hotchkiss RS et al.
Nat Rev Drug Discov 2018; 17: 35–56.

40. Kaur P, Thiruchelvan M and Lee RC et al. Antimi-
crob Agents Chemother 2013; 57: 155–67.

41. Cao J, Forrest JC and Zhang X.Antiviral Res 2015;
114: 1–10.

42. Dong HJ, Wang ZH and Meng W et al. Viruses
2018; 10: 601.

43. Andersen PI, Krpina K and Ianevski A et al. Viruses
2019; 11: 964.

44. Wang D, Eraslan B and Wieland T et al. Mol Syst
Biol 2019; 15: e8503.

45. Wang H-Y, Chen Y and Tong D et al. Natl Sci Rev
2017; 5: 15–7.

46. Chen B, Shi Z and Chen Q et al.Mol Biol Evol 2019;
36: 1430–41.

47. Chen Q, He Z and Lan A et al. Mol Biol Evol 2019;
36: 1862–73.

48. Ruan Y, Wang H and Chen B et al. Mol Biol Evol
2020; 37: 1007–19.

National Science Review
7: 1851–1855, 2020
doi: 10.1093/nsr/nwaa066
Advance access publication 14 April 2020


