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is consistent with the response to hypothermia being due to
stabilization of p53 consequent to its phosphorylation at SerH
and this increased level of 1353 then inducing p21 expression

The ATR protein kinase regulates phosphorylation of p53 at Ser15
upon exposure to mild hypothermia

Having established that p53 is phosphorylated at Ser15 in response
to mild hypothermia, we set out to establish the kinase(s)
responsible for this phosphorylation. Phosphorylation at SerH of
p53 can be mediated by several protein kinases, including ATM,
ATR, DNA—PK and the stress response signalling pathway protein
kinase p38MAPK (p38 mitogen—activatcd protein kinase) [26]. To
determine whether any of these was effecting p53 phosphorylation
during mild hypothermia, we used a combination of general and
specific protein kinase inhibitors and siRNA knockdown. Initially,
we used caffeine, a well known, although not very specific,
inhibitor of the PIKK family of protein kinases [27]. In the
concentration range usually employed (low millimolar) it inhibits
both ATM and ATR, but DNA—PK is relatively resistant. However,
another PIKK family member, mTOR (mammalian target of
rapamycin), a protein kinase that positively regulates protein
synthesis in response to nutrient availability and growth factor
signalling, is also inhibited by low millimolar concentrations of
caffeine [27]. This must be taken into account when assessing
the effect of caffeine on hypothermia—induced p21 expression.
In the short term, 2.5 leI caffeine inhibited phosphorylation
of p53 at Ser15 when cells were transferred to 32"C, but had
little effect when cells were transferred to 27”C (Figure 2A).
During longer—term exposure to caffeine, phosphorylation of p53
at Ser15 was less sustained than in the absence of caffeine and

p21 expression was reduced, under both hypothermic conditions
investigated (32 and 27 0C) (Figure 2B). When compared with
the inhibition of general protein synthesis by caffeine (due to
mTOR inhibition), the inhibition by caffeine of p21 expression
was greater (Figure 2D), consistent with either ATM or ATR
being involved in hypothermia—induced expression of p21. More
specific inhibition of DNA—PK with NU7441 [28] had no effect
on either hypothermia—induced phosphorylation of p53 at Ser15
or induction of p21 (Figures 3A and 3B). Thus, of the potential
PIKK kinases that could phosphorylate p53 at Ser” upon mild
hypothermia, these results suggested that either ATM or ATR is
responsible.

The fungal metabolite wortmannin is a widely used,
irreversible, inhibitor of phosphoinositide 3—kinases, and
treatment of cells with micromolar concentrations of this

compound causes inhibition of ATM, DNA—PK and mTOR [29].
However, ATR is relatively resistant to wortmannin, and cells
require exposure to concentrations in excess of 100 MM before
ATR is inhibited [29]. In agreement with the results from the
caffeine studies, which suggested that ATR might phosphorylate
p53 at Serls, 20 MM wortmannin had no effect on hypothermia—
associated phosphorylation of p53 at Ser15 and marginally
inhibited p21 induction (Figure 2C). However, in contrast with
inhibition by caffeine, inhibition of general protein synthesis by
wortmannin was not significantly different from inhibition of
hypothermia—induced p21 expression by wortmannin (Figure 211').
We then used a specific inhibitor of ATM, KU0055933 [28], and
this inhibited neither hypothermia—associated phosphorylation of
p53 at Ser” nor induction of p2l (Figures 3A and 3B). Therefore,
using specific inhibitors to DNA—PK and ATM, we were able to
demonstrate that neither is the primary kinase involved in the
hypotherniiaiindueed p537p2l pathway.

© The Authors Journal compilation © 2011 Biochemical Society

CONFIDENTIAL

Although these inhibitor data are consistent with a signalling
pathway in which ATR is a key kinase in the hypothermia—induced
p53—p21 pathway, they are not specific ATR inhibitors, therefore,
to test this hypothesis further, siRNA knockdown of ATR mRNA
was employed. This approach has been shown to effectively
reduce ATR protein levels by approx. 70 % 24 h after transfection
[30,31] and therefore, although this does not obliterate protein
levels, a knockdown would be expected to result in decreased
Sens—phosphorylated p53 in response to mild hypothermia if
this kinase is responsible. Two commercial validated siRNAs to
human Al‘R were tested for their ability to knock down CHO—Kl
ATR mRNA due to the lack of availability of such reagents for
CH0 ATR. As expected, both siRNAs efficiently decreased HeLa
cell ATR mRNA over a 48 h period by between 67 and 77%
(Figure 4A). When tested in CHO—K1 cells, exposure to one of
these siRNAs for 48 h decreased CHO ATR mRNA by 77787 %.
However, knockdown by the second siRNA was less effective
and more variable in CHO cells (Figure 4A). Knockdown of ATR
mRNA was maintained at 72 h and, to a lesser degree, at 96 h
post—transfection (Figure 4A). We confirmed that knockdown of
ATR mRNA resulted in a knockdown in ATR protein levels in
both HeLa and CIIO cells by Western blotting, which showed
that ATR protein levels were reduced by 55—85 % after a 48 h
exposure to ATR siRNA (Figure 4B). Following transfection
with these siRNAs, cells were maintained at 370C for 48h
before transfer to either 32°C or 27°C for a further 10 h. The

decreases in ATR mRNA and protein observed after a 48h
exposure to ATR siRNA were clearly mirrored by the decrease in
the extent of phosphorylation at Ser15 of p53 under these mildly
hypothermic conditions (Figure 4C). Inhibition of cold—induced
phosphorylation of p53 at Ser” was still evident at 72 h, but not
at 96 h, post—transfection (Figure 4D), but at this last time point
the hypothermia—associated phosphorylation of p53 was already
in decline (Figures 1B and 4D). These results are consistent
with the inhibitor data indicating that hypothermia induces p53
phosphorylation and p21 activation through the ATR7p537p21
signalling pathway. Furthermore, the relative longevity (several
days) of p53 phosphorylation at Ser15 during hypothermia is also
consistent with this phosphorylation being regulated by ATR [3 2].
we note that although knockdown of ATR protein was clearly
achieved, ATR protein was still present and some phosphorylated
p53 was also present in the knockdown experiments (Figures 4C
and 4D). We were unable to ascertain from these results whether
the phosphorylated p53 present upon cold shock was due to the
residual ATR protein present or as a result of an additional
pathway not investigated in the present study. Despite this,
when cells were shifted to 27°C following knockdown of ATR
for 48 h at 37”C by siRNA, those wells in which knockdown
had been undertaken initially showed an increased in cell
numbers 1 and 2days after being placed at 27”C above that
observed in the mock knockdown (see Supplementary Figure
81 at http://wwaiochemJ.org/bj/435/bj4350499add.htm). This
further suggests that p53 activation through ATR is involved in
the inhibition of cell proliferation upon cold shock at 27 DC. This
effect was lost after 2days at 270C, probably because, at this
stage. the knockdown cells at a higher cell concentration are
beginning to experience nutrient and growth stresses that lead
to a decrease in cell number as seen in Supplementary Figure S l.

Involvement of the p38MAPK stress kinase signalling pathway in cell
cycle arrest during mild hypothermia

Although our results show that ATR is involved in the regulation
of p53 Ser15 phosphorylation upon mild hypothermia and rule out
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Figure 2 Caffeine inhibits both phosphorylation of p53 at Ser‘5 and p21 induction associated with mild hypothermia, butwortmannin does not

(A) Immunoblot detection of p53 phosphorylated at ’Serl5 and total p53 protein in lysates of CHO—K1 cells. with orwithout pre—treatment with 2.5 mM catteine for 30 min at 3.700 immediately prior
to exposure to the indicated temperatures tor the indicated number of hours. (B) lmmunoblot detection 0t p53 phosphorylated at Ser“, total p53 protein, p21 and fl-actin in lysates 0t CHO-K1 cells,
with or without pretreatment with 2.5 mM catteine tor 30 min at 37 0 0 immediately prior to exposure to the indicated temperatures for the indicated number of days. (C) Immunoblot detection of p53
phosphorylated at Ser‘5 p2t and {I—actin in lysates of CHO-K1 cells exposed to 20 MM wortmannin for 30 min at 37% prior to incubation for the indicated times at 27 DC or 32 OC. The response
0t total p53 protein levels tor these time points at 27 C C and 32 0C are shown in (B). (D) Quantification ot the inhibition by 2.5 mlvl caffeine of general protein synthesis and 0t hypothermia—induced
p21 expression. (E) Quantitication ot the inhibition by 20 MM wortmannin of general protein synthesis and ot hypothermiaeinduced p21 expression.

ATM and DNA—PK, this phosphorylation could also be effected by
the stress response protein kinase p3 8WK (Hogl in yeast), either
directly [33] or through its phosphorylation at Ser33 and Ser46 of
p53 that, in turn, enhances phosphorylation at Ser" [34]. In yeast,
this protein kinase is activated by osmotic stress or exposure to
cold [35], whereas in mammalian cells, it has also been shown
to be activated by osmotic stress [36]. p38MAPK is also activated
by hypoxia and it has been reported that mildly hypothermic
mammalian cells are hypoxic [37]. Furthermore, ATR can also
phosphorylate. and thereby activate, p38MAPK [38]. It was therefore
considered important to determine Whether the p381“APK protein

CONFIDENTIAL

kinase was involved, either independently, or through activation
by ATR, in the p53—p21 pathway induced by mild hypothermia.

SP203580 is an inhibitor frequently used for assessing
involvement of p38MAPK in signalling pathways [39]. Although this
inhibitor can also inhibit casein kinase 1 [5], this kinase will not

phosphorylate p53 at Ser15 [40], therefore this inhibitor allowed
us to investigate potential p38MAPK involvement in hypothermia—
induced phosphorylation of p53 Serls. Treatment of CHO—K1
cells with 10 MM SP203580 for 30 min prior to transfer to
27°C or 32°C reduced both phosphorylation at Ser15 of p53
and expression of p21 at these temperatures (Figure 5A). Since

© The Authors Journal compilation © 2011 Biochemical Society
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Figure 3 Specific inhibitors of DNA-PK and ATM do not abrogate the cold-
induced phosphorylation of p53 and induction of p21

CHO—K1 cells were grown at 37°C for 24 h, then 1 (.LM DNA—PK inhibitor NU7441 or 10 MM
ATM inhibitor KU0055933 was added as indicated. Aiter a further 30 min of incubation at 37 ° C,
cells were either maintained at 37°C or transferred to 32°C or 27°C for the indicated number

01 hours. immunoblots 01 cell lysates were probed for Ser‘S-phosphorylated p53 (A) p21 (B)
and fi—actin (C). Total p53 protein levels at these temperatures (4, 48 and 96 h) were established
previousiyand reported in Figures 1 and 2.

SP20358O had no effect on general protein synthesis (Figure 5B),
its inhibition of p21 expression suggested involvement of p38MAPK
in the hypothermia—induced p53—p21 pathway.

To determine whether this p38 mechanism was a second
pathway leading to phosphorylation at Ser15 of p53 independently
of the ATR route, treatment with SP203580 was combined with

siRNA knockdown of ATR. The resulting effects of combined
ATR knockdown and SP203580 treatment on hypothermia
induced phosphorylation at Ser15 of p53 and the p53 isoform
pattern (Figure 6) mirrored those effects observed for ATR
knockdown alone (Figure 4). This suggests that the involvement
of p38MAPK in hypothermia—induced cell cycle arrest lies within,
rather than acts independently of, the ATR pathway; otherwise,
the effects of ATR knockdown and SPZO'SSSO treatment should

have been additive. Therefore we suggest that the p38MAPK protein
kinase is involved in phosphorylation of p53 at Ser15 upon mild
hypothermia through activation by ATR.

How is ATR activated upon exposure of CHD-K1 cells to mild
hypothermia?

Our results confirmed that ATR is activated upon CHO—K1 cells
being exposed to mild hypothermia, which in turn phosphorylates
Ser15 of p53 and p21 induction. However, how might ATR itselfbe
activated upon mild hypothermia? We used immunofluorescence
to determine whether there was any change in the localization
of ATR following cold shock (see Supplementary Figure S2 at
http:”wwaiochemJ.org/bj/435/bj4350499addhtm). Using this
approach, it was found that at 2—48 h after cold shock at 27 OC,
ATR appeared to be concentrated into the nucleolus
(Supplementary Figure S2). We also noted an overall increase

© The Authors Journal compilation © 2011 Biochemical Society
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Figure 4 siRNA knockdown of ATR mRNA inhibits hypothermia—induced
phosphorylation of p53 a13er‘5

(A) HeLa and CHO—K1 cells were transtected with SnM siRNAs against human ATR
mRNA and then maintained at 37°C for 48—96h beiore undertaking qRT—PCR analysis
01 ATR mRNA levels in total RNA. (B) lmmunoblot detection of ATP in HeLa and
CHO-K1 cell iysates prepared atter 48—96h of exposure to ATR stRNAs at 37°C (m,
mock transiected; 1, ATR siRNA 1; 2, ATR siRNA 2). (C) lrnmunoblot detection 01 total
p53 protein and p53 phosphorylated at Seri5 in cell lysates of CHOAK1 cells 48h after
siRNA knockdown 01 ATE mRNA at 37°C lollowed by 10h at 27°C or 32°C (ut,
untreated; in. mock transfected; 1, ATR siRNA 1; 2, ATR siRNA 2). (D) inhibition of phos-
phorylation of p53 at Seri5 is maintained over longer periods of siRNA knockdown (kd) of ATR
than 48 h. CHO-K1 cells were transtected with siRNA 1 or mock transtected (m), incubated at
37°C ior 72 h or 96 h and then maintained at 37°C or transierred to 27°C for a further 10 h
prior to extraction for immunoblot detection of the indicated proteins.

in ATR—associated fluorescence throughout the cell, particularly
between 6 and 24 h of exposure to 27 0C.

In addition to localization studies, we investigated changes to
the lipid content of cold—shocked cells, When prokaryotic and
lower eukaryotic cells are exposed to hypothermic conditions,
the unsaturated fatty acyl content of cell membrane lipids has
been reported to increase [14]. In mammalian cells, exposure
to the Ca2 rindependent phospholipase A2 inhibitor BEL at
37°C also increases the unsaturated fatty acyl content of
phosphatidylcholines and activates ATR [17]. We therefore
compared the effect of BEL treatment with that of hypothermia
011 cellular lipid composition to determine whether a similar
effect could be observed that might offer an explanation of ATR
activation upon mild hypothermia. To achieve this, MS analysis of
total lipids extracted from cells maintained at normal temperature
(37°C), after treatment with BEL, and at mildly hypothermic
temperatures was performed. Multivariate analysis (PCADFA) was
applied to the resulting data with crossevalidation as described

CONFIDENTIAL GNE-HER_002943011



Appx366

Case 1:18-cv-00924-CFC   Document 376-2   Filed 09/27/19   Page 8 of 96 PageID #: 28781

+ 10 mM SP20358O

 
  
 

 
  

 
        
  

       
      

 
       

 

 
actin was

:12 4 71024 3. 2 471024h
 

3 100
-~ 90

:5 so

g 70
a :3m

genealprotein 2°C 32C
synthesis p21 expression

Figure 5 The p38”““’" inhibitor SP20358I] attenuates hypothermia-
associated phosphorylation of p53 at Ser‘5 and p21 induction

(A) CHO-K1 cells were exposed to 10 MM SP2Ci358Ci for 30 min at 37 C C and then transferred to
27 0C or 32°C for the indicated times (1724 h). lmmunoblot detection of p53 phosphorylated
at Ser‘S; total p53 protein and p21 with fi—actin as an indicator of protein loading is shown.
(B) Quantification of the effects of 10 MM SP203580 on general protein synthesis and
hypothermiaeinduced p2i expression
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Figure 6 Inhibition of hypothermia-induced phosphorylation of p53 at Ser15
by ATR knockdown is not increased by additional inhibition of p38"’“lPK

At 48 h aftersiPNA-mediated ATR mRNA knockdown; CHO—K1 cells were additionally exposed to
SP203580 for 30 min at 37 0C then transferred to 27 0C or 32 0C for a furllier 10 li. lmmunoblot

detection of total p53 protein; p53 phosphorylated at Serl5 and fieactin in lysates of CHOeKl
cells treated in this way is shown. ut; untreated; m; mock transfected; 1; ATP! siRNA 1; 2; ATR
isNA 2 as in Figure 4.
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Figure 7 Exposure of CHO-K1 cells to mild hypothermia is associated with
changes in the cellular lipid profile

PCeDFA of all samples. Upper panel: PCeDFi plotted against PCeDF2. Lower panel: PCeDFl
plotted against PC-DFB. The first ten PCs were used by the DFA algorithm and this accounted
for 99.8% of the total explained variance. The multivariate model was constructed using three of
six samples in each class (no asterisk) and crossfiralidated by projection of the remaining three
samples (shown with an asterisk). The level of agreement of the samples projected with those
used to construct the model highlight that the model is validated. Class 1; control maintained at
37 0 C for 6 h with no treatment; Class 2; control maintained at 37 C C for 6 hwlth BEL treatment;
Class 3; maintained at 2750 for 6 h; Class 4; maintained at 32“C for 6 h; Class 5; recovery
at 37 DC or 2 h after a temperature of 27 DC for 6 h; Class 6; recovery at 37% for 2 if after a
temperatLre of 32 ”C for 6 h.

in the Experimental section and shown in Figure 7. The results
show hat BEL—treated and 37°C control cells were different

from all cells cultured at reduced temperatures, and the chemical
treatment and control cells dominated the separation of the second
canonical variate (Figure 7, upper panel). When PC—DFl was
plottec against PC—DF3 (Figure 7, lower panel), each class was
biolog'cally distinct from other classes, highlighting the fact that
the detectable lipid profile of each of the six classes was different
and perturbations (chemical or temperature—based) resulted in
distinct phenotypic changes.

Furt 1er1nore, univariate analyses using Kruskal—Wallis analysis
of variance to define the lipids that were statistically significantly
changing (see Supplementary Table 81 at http://www.
Biochem].0rg/bj/435/bj4350499add.htm) revealed that the
positive control (treatment with BEL) showed a different
relative change to the control in the PC—DFA model when
compared with the temperaturertreated cells. Ten lipids were
statistically different (P < 0.05) and all showed an increase in
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their relative concentration in the BEL—treated cells compared
with the control. Cells treated at 27 UC and 32 UC (mild
hypothermia) for 6 h showed a similar trajectory from the
control samples, with the 270C samples showing a greater
biological difference in multivariate space compared with the
samples perturbed at 32 ° C. However, more statistically significant
changes were observed between control and 32°C samples in
the univariate analysis (37 compared with four changes for
32°C and 27°C respectively). All of the changes showed an
increase in concentration of a range of lipids, predominantly
phospholipids (diacylglyceroserines, diacylglyceroinositols and
diacylglycerophosphocholines). In most cases, although not
exclusively, an increase in the unsaturated double—bond content
was present in the lipids of increased abundance This highlights
a definitive increase in the production of a specific class of lipids
in response to temperatureibased perturbations. The increase in
temperature after hypothermia perturbation (recovery) provides
a change in the lipid profile from that at reduced temperature,
but this lipid profile is distinct from all other samples. This
shows that an increase in temperature changes the lipid profile,
but not to a normal profile at 2h after the return to 37UC.
Decreases in the relative concentration of lipids were observed
in the change from lower to higher temperature, of the same
classes of lipids that were observed to increase as the temperature
was decreased. This highlights the specific role of these lipids in
the response to temperature perturbation and how their relative
concentration is temperature dependent. Although many of the
lipids were chemically identified, we were unable to show
significant changes in the overall unsaturated fatty acyl content
of cell membrane lipids. However, we have shown an increase in
polyunsaturated lipids upon mild hypothermia consistent with a
previous study showing that an increase in phosphatidytcholines
containing polyunsaturated fatty acids activates ATR—p53
signalling at 37°C [17].

DISCUSSION

Although we [12] and others [10,13] have documented that p53
activation of p21 is a key mechanism by which mammalian cells
initiate cell cycle arrest upon being subjected to mild hypothermic
temperatures, the mechanism by which p53 is activated and the
cellular mechanisms that allow the perception of cold and
subsequent activation of p53 have remained undetermined. In
the present study, we have shown that the exposure of CHO—
K1 cells to mildly hypothermic conditions activates the ATR
kinase that subsequently activates p53 by phosphorylation at Ser15
and hence the ATR—p53—p21 signalling pathway. We note that
although our experiments clearly show ATR regulation of p53
phosphorylation upon cold shock, in our ATR knockdown and
inhibitor experiments some ATR protein and phosphorylated p53
still remained and we were unable to ascertain from these results

whether the phosphorylated p53 present upon cold shock in these
experiments was due to the residual ATR protein present or a
result of an additional signalling pathway not investigated in the
present work.

We speculate that the primary stimulus for the activation of the
ATR—p53—p2l signalling pathway upon mild hypothermia may
be changes in membrane rigidity [14] as a direct result of changes
in membrane lipid composition (horneoviscous adaptation). Our
results show changes in the levels of polyunsaturated fatty acids
upon cold shock that are known to influence the fluidity of cellular
membranes, and, furthermore, that these changes correlated with
the activation of ATR. As described above, a previous study has
demonstrated that changes to cell membrane fluidity and increased
polyunsaturation activates ATR and the authors of that study

© The Authors Journal compilation © 2011 Biochemical Society
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suggest that this occurs as a result of ATR ‘sensing’ the change in
the ratio of polyunsaturated to saturated hydrocarbons [17]. The
question is how might this change in lipid composition activate
ATR? Zhang et a1. [17] suggest that this is the result of changes
in the fluidity and function of the nuclear envelope whereby the
nuclearilocalized ATR senses these changes and is activated. We
speculate further that this leads to an intranuclear relocalization of
ATR upon activation (as shown in Supplementary Figure S2), p53
activation and cell cycle arrest. Such intranuclear relocalization
of ATR to nuclear foci has been documented in response to both
hypoxia [41] and DNA damage [42]. The overall increase in ATR—
associated fluorescence throughout the cell during early exposure
to 27 OC without an increase in immunoblot detection of ATR also

suggests that, additionally, there may be a conformational change
in ATR upon exposure of the cell to cold that renders the protein
more accessible to the antiiATR antibody used.

CHOiKl p53 carries a single point mutation at codon 211 in
exon 6 in the DNA—binding domain of the molecule, although this
mutation is not within an evolutionarily conserved region [43].
Furthermore, CHO—Kl p53 is rather more abundant and stable
than wild—type p53. At 37 “C, its half—life is 5.2 h [12] compared
with the more usual range of 20—60 min for p53 half—lives.
Furthermore, CHO—Kl p53 is not stabilized further, and thereby
increased in amount, by ionizing radiation, i.e. by the ATM
signalling pathway alone [43]. Thus, even though CHO—Kl p53 is
relatively abundant, it is not sufficient, under normal conditions,
to activate transcription of p21. Even under mildly hypothermic
conditions, when p21 transcription is activated. increases in CHO—
K1 p53 total protein are very modest (Figures 1, 2, 4 and 6).
What does change markedly in response to hypothermia is the
phosphorylation status ofp53. For wild—type p53, phosphorylation
at Ser15 enhances p53 transactivation of p21 transcription by
increasing the binding of p53 to its transcriptional co—activator,
p300/CBP [44]. Furthermore, although phosphorylation at Ser15
of p53 is not itself sufficient to disrupt the interaction between
p53 and Mdm2 (murine double minute 2) that targets p53 for
degradation, phosphorylation at this site is a prerequisite for
phosphorylation at Ser20 of p53. Ser20 phosphorylation inhibits
the binding of p53 to Mdm2 [45]. The overall effect of
phosphorylation of Ser“ of wild—type p53 is therefore 2—fold,
i.e. enhanced stability and enhanced transcriptional activation
ability. In the context of CIIO—Kl cells, this must mean that
phosphorylation at Ser15 is sufficient to enhance the transcription
factor activity of an already abundant p53, even though this
transactivation activity might be compromised to some extent
by the point mutation in the DNAibinding domain of CHOiKl
p53.

A consistent finding that has emerged from the numerous
studies of p53 post—translational modifications is that
phosphorylation and acetylation sites are seldom modified
alone and that post—translational modification at one site is
often a prerequisite for further post—translational modifications
elsewhere on p53 [26]. This activation of p53 at more than
one site has been termed ‘intramolecular phosphorylation site
interdependence’ [46] and is nearly always required before
downstream transcriptional activation takes place. These results
suggest that p53 transcriptional activation is tightly regulated
by multiple modifications, thus minimizing inappropriate
transcriptional activation by p53 and providing a point of
integration of signals from multiple protein kinases [46]. This
appears to be the case for activation of p53 by mild hypothermia,
since we have found that p38MAPK is also involved in the ATR—
p53—p21 pathway.

Although it is well established that ATR directly phosphorylates
p53 at Ser”, there are conflicting reports regarding the ability of
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Figure S1 Effect of prolonged siRNA knockdown ofATR on cell proliferation
at 27cc

CHO—K1 ceils were transfected with 5nM ATR siRNA as described in the main text and then
maintained at 37°C for 48h prior to transfer to 27°C (day 0 on the indicated time scales).
Samples were prepared on the indicated days of maintenance at 27°C for cell counts (A),
qRT—PCR quantification of ATR mRNA (3) and immunoblot detection of ATR protein (0). Mock
transfections (m), siRNAi and siRNAZ are as described in the Experimental section of the main
text.

i Correspondence may be addressed to either of these authors (email aew5@|e.ac.uk or c.m.smales@kent.ac.uk).
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Figure 32 The intracellular localization 01 ATE changes during the early
stages of hypothermia at 2706

Immunotluorescence detection of ATR and nuclei [visualized using DAPl (4’,6-diamidino-2—
phenylindolefl in CHO-K1 cells maintained at 37°C and during the first 48 h after transler to
27 O C. Scale bar, 10 um.
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PA, phosphatidic acid; PE, phosphatidylethanolamine; PG, rostag andin; Pl, phosphatidylinositol; PS, phosphatidylserine.

(a) Class 1 (control main ained at 3700 for 6 h with no treatment) compared with Class 2 (control maintained at 37 ”C for 6 h with BEL treatment).

P value Fold cifterence _'p'd idettification ind c ass

000395 0.33 ( ower in control) D(3(18:0/20:4) 3iacylglycerophosphoglycerols
000395 0.35 ( ower in control) DG 18:0/22z6) 3iacylgcherophosphoglycerols
0 00395 0.66 ( ower in control) _niden i ied Jniden itied
000395 0.58 ( ower in control) Dl(18:0/18:0) 3iacylglycerophosphoinositols
001041 0.66 ( ower in control) .n'den i ied Jniden ified
0 01041 0.43 ( ower in control) G(17:0/17:0) Jiacylgcherophosphoglycerols
001631 0.73 ( ower iit control) .niden i let Jniden itied
001631 0.70 ( ower in control) .n'den i ied Jniden ified
0 01631 0.76 ( ower in control) _niden i ied Jniden itied
002498 0.69 ( ower iit control) .niden i let Jniden itied

(b) Class1 (control main ained at 37 DC for 6h with no treattten ) co npared With Class 3 {maintained at 27 DC for 6 h).

P value Fold citterence _ipid identi ication ind c ass

000395 0.32 ( ower iit control) Jnicen iliec Jniden itied
000395 034(0werin control) 38 80/181) )iacylglycerophosphoserines
0 01041 0.42 ( ower in control) 3Alt6:0/18:1) )iacylglycerophosphates
002498 0.40 ( ower iit control) Jnicen iliec Jniden itied

(c) Class 1 {control main ained at 37°C for 6 h with no treatmen ) cottpared with Class 4 (maintained at 32 UC for 6 h).

P value Fold citterence _ipic icenti ication ind c ass

000395 5.88 tigterin typo termia _niden i ied _niden i ied
000395 2.08 tigterin typo termia .nicen i let .niden i ied
000395 2.86 t'gte 't typo te ha 38( 8:0/18:1) Diacyg ycerophosphoserines
000395 3.22 tigterin typo termia _niden l ied _niden i ied
000395 1.82 tigterin typo termia .nicen i let .niden i ied
000395 2.13 t'gte 't typo te tt'a .niden i ied .nidet ' ied
000395 2.33 tigterin typo termia _niden l ied _niden i ied
000395 2.22 tigterin typo termia .nicen i let .niden i ied
000395 2.50 t'gte 't typo te tt'a D|(18:0/ 8:0) Diacyg ycerophosphoinositols
000395 2.27 tigterin typo termia _niden l ied _niden i ied
000649 3.13 tigter in typo termia DA(16:0/18:1) Diacyg ycerophosphates
000649 1.61 t'gte 't typo te tt'a .n'den i ied .nidet ' ied
000649 1.88 tigterin typo termia _niden l ied _niden i ied
001041 1.69 tigter in typo termia DE(16:0/18:3) Diacyg ycerophosphoethanolamines
001041 1.96 t'gte 't typo te ha 17 etratexanoyl7271843],ladderaneeoctanyl)7sneglycerophosphoethanolamine 17Acy,2ealKylglycerophosphoethanolamines
0 01041 1.89 tigter in typo termia _niden l ied _niden i ied
001041 1.59 tigter in typo termia DE(16:0/22:6) Diacyg ycerophosphoethanolamines
001041 1.47 t'gte 't typo te tt'a .n'den i ied Dialky glycerophosphoglycerols
0 01041 1.75 tigter in typo termia _niden l ied _niden i ied
001041 1.92 tic terin ypo termia Dl(16:0/18:0) Diacyg ycerophosphoinositols
001631 1.82 t'gte 't typo te tt'a DA16:0/16:0) Diacyg ycerophosphates
0 01631 1.85 tigter in typo termia _niden l ied _niden i ied
001631 1.54 tic terin ypo termia DS(17:0/20:4) Diacyg ycerophosphoserines
001631 1.49 t'gte 't typo te tt'a .n'den i ied .nidet ' ied
0 01631 1.72 tigter in typo termia _niden l ied _niden i ied
001631 1.62 tic terin ypo termia .niden i ied .niden i ied
0.02498 1.721'gte 't typo te tt'a DE P716:0/22:6) 1Zeal e yl.2eacylglycerophosphoethanolamines
0 02498 1.54 tigter in typo termia 38(18:0/16:1) )iacyg ycerophosphoserines
002498 1.47 tic terin ypo termia 38 (200/102) Diacyg ycerophosphoserines
0.02498 1.82 t'gte 't typo te tt'a DG 18:0/20:4) Diacyg ycerophosphoglycerols
0 02498 1.82 tigter in typo termia 3C—tl18:0/22:6) )iacyg ycerophosphoglycerols
002498 1.52 tic terin ypo termia Dl(16:0/18:1) Diacyg ycerophosphoinositols
0.02498 1.56 t'gte 't typo te tt'a D812217183) Diacyg ycerophosphoserines
0 03737 1.92 tigter in typo termia Junidentilied Jniden itied
003737 1.61 tic terin ypo termia DS(16:0/16:1) Diacyg ycerophosphoserines
0.03737 1.921'gte 't typo te tt'a Jnidentilied Jnidet 'fied
0 04461 1.89 tigter in typo termia Jnidentilied Jniden itied
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A. Roobol and others

Table S1 Continued

 

 

  
                                  
 

(d) Class 3 (maintained at 27 0C for 6 1) compared with Class 5 (recovery at 37 OC f0r2 h after a temperature of 27 0C for 6 h).

P value Fold dit erence ,ipid identification ind c ass

0.00649 4.23 higher in hy othermia PSI18:0/18:1) 3iacylglycerophosphoserines
0.02498 2.48 higher in hy othermia 3A(16:0/18:1) Jiacylglycerophosphates
0.02498 3.23 higher in hy othermia Jnidentitied Jiacylgcherophosphoinositols
0.02498 2.55 higher in hy othermia Jnidentified Jniden itied
0.02498 2.63 higher in hy othermia Jnidentitied Jniden itied
0.02498 2.98 higher in hy othermia Jnidentitied Jniden itied
0.02498 2.37 higher in hy othermia Jnidentified Jniden itied
0.03737 2.97 higher in hy othermia j|(16:0/18:0) )iacylglycerophosphoinositols
0.03737 2.25 higher in hy othermia PS (22:1—18:3) Jiacylgcherophosphoserines
0.03737 2.24 higher in hy othermia Jnidentitied Jniden itied
0.03737 2.33 higher in hy othermia Jnidentitied Jniden itied
0.03737 2.75 higher in hy othermia Jnidentitied Jniden itied

(e) Class 4 (maintained at 32 0C for 6 1) compared with Class 6 (recovery at 3700 for 2 h after a temperature 01320010r6h).

P value Fold dit erence _ipid identification _i3id c ass

0.003948 2.961ig1e in 1y o1ermia PS_18:0/18:1) J'acyg ycerophosphoserines
0.006485 2.80 1ig1er in 1y 0 1ermia -nicen i ted Jniden itied
0.006485 2.31 1ig1er in 1y 0 1ermia P(16:0/18:1) Jiacyg ycerophosphoinositols
0.006485 2.521ig1e in1y o1ermia - 'ce ' ed J1ide1'tied
0.006485 2.16 1ig1er in 1y 0 1ermia -nicen i ted Jniden itied
0.006485 2.4 higher in hypothermia -nicen i ied Jniden itied
0.006485 2.5 h'gher'n hypothermia - 'ce ' ed J1ide1'tied
0.006485 2.12 1ig1er in 1y 0 1ermia -nicen i ted Jniden itied
0.006485 2.391'g1e ‘ 1y me ha - 'ce "ed J1ide1'tied
0.006485 2.461'g1e 1y me ha - 'ce ' ed J1ide1'tied
0.006485 2.43 1ig1er in 1y 0 1ermia -nicen i ted Jniden itied
0.006485 2.331'g1e ‘ 1y o1e n'a - 'ce "ed J1ide1'tied
0.016309 1.911'g1e 1y me ha - 'ce ' ed J1ide1'tied
0.016309 1.9 higher in hypothermia 1,2-Dihexadecanoyl—sn-gchero-3-phosphosultocholine G ycerophospholipids
0.016309 1.801'g1e ‘ 1y o1e n'a - 'ce "ed J'alkylglycerophosphoglycerots
0.016309 2.07 1'g1e 1y 0 1e n'a PS_17:0/20:4) J'acyg ycerop1osp1oserines
0.016309 2.14 1ig1er in 1y 0 1ermia P (160/181) Jiacyg ycerop1osp10inositols
0.016309 2.021'g1e ‘ 1y o1e n'a - 'ce "ed -1'de1"ed
0.016309 2.81 1'g1e 1y 0 1e n'a P (16:0/18z0) J'acyg ycerop1osp1oinositols
0.016309 2.27 1ig1er in 1y 0 1ermia PS (22:1/18:3) Jiacyg ycerop1osp1oserines
0.016309 2.201'g1e ‘ 1y o1e n'a - 'ce "ed -1'de1"ed
0.016309 2.071'g1e 1y me ha - 'ce ' ed -1'de1'ed
0.016309 2.24 1ig1er in 1y 0 1ermia P (180/18 0) Jiacyg ycerop1osp1oinositols
0.024975 1.961'g1e ‘ 1y o1e n'a - 'ce ' ed -1'de1"ed
0.024975 2.001'g1e 1y me ha - 'ce ' ed -1'de1'ed
0.024975 1.91 1ig1er in 1y 0 1ermia PS(18:0/18:1) Jiacyg ycerop1osp1oserines
0.024975 1.701'g1e ‘ 1y o1e n'a PE 810/2216) D'acygycerop1osp1o-ethanolamines
0.02846 2.111'g1e 1y me ha - 'ce ' ed -1'de1'ed
0.037373 1.68 1ig1er in 1y 0 1ermia 1— e ra1exanoyl-2-(8-[3]—Iadderane-octanyl)—sn-gcherophosphoethanolamine 1-Acy ,2-alkylglycerophosphoethanolamines
0.037373 1.761'g1e ‘ 1y o1e n'a - 'ce "ed -1'de1"ed
0.037373 1.77 1'g1e 1y 0 1e n'a j2161072216) J'acyg ycerop1osp1oethano|amines
0.037373 1.72 1ig1er in 1y 0 1ermia -nicen i ted .niden i ied
0.037373 1.681'g1e ‘ 1y o1e n'a - 'ce "ed -1'de1"ed
0.0455 5.731ig1erin 1y 0 1ermia unicen i red uniden i ied
0.0455 2.38 1ig1er in 1y 0 1ermia PS(18:1/18:2) Jiacyg ycerop1osp1oserines
0.0455 2.321'g1e ‘ 1y o1e n'a - 'ce "ed -1'de1"ed
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Abstract: There are currently two methods for maintaining
cultured mammalian cells, continuous passage at 37°C
and freezing in small batches. We investigated a third
approach, the ”pausing" of cells for days or weeks at tem—
peratures below 37°C in a variety of cultivation vessels.
High cell viability and exponential growth were observed
after pausing a recombinant Chinese hamster ovary cell
line (CHO—Clone 161) in a temperature range of 6724°C
in microcentrifuge tubes for up to 3 weeks. After pausing
in Teflasks at 4°C for 9 days, adherent cultures of CHOP
DG44 and human embryonic kidney (HEK293 EBNA) cells
resumed exponential growth when incubated at 37°C.
Adherent cultures of CHO—DG44 cells paused for 2 days
at 4°C in T—flasks and suspension cultures of HEK293
EBNA cells paused for 3 days at either 4°C or 24°C in
spinner flasks were efficiently transfected by the calcium
phosphateeDNA coprecipitation method, yielding reporter
protein levels comparable to those from nonpaused cul—
tures. Finally, cultures of a recombinant CHO cell line
(CHO—YIgG3) paused for 3 days at 4°C, 12°C, or 24°C in
bioreactors achieved the same cell mass and recombinant

protein productivity levels as nonpaused cultures. The suc—
cess of this approach to cell storage with rodent and hu—
man cell Iines points to a general biological phenomenon
which may have a wide range of applications for cultivated
mammalian cells. © 2004 Wiley Periodicals, Inc.
Keywords: CHO—DG44 cells; HEK293E cells; green fluo—
rescent protein; lgG antibody; hypothermia; cell storage

INTRODUCTION

Two ways are known to provide cultivated mammalian
cells for experimental work. Cells are either continuously

propagated under stringent control of temperature and other
environmental conditions, requiring constant attention, or
limited amounts of cells are stored frozen for extended

times (Mazur, 1970). Reestablishing a culture from a stock
of frozen cells requires days if not weeks to reach the
quantity of cells needed for most applications Considering
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of Technology Lausanne

© 2004 Wiley Periodicals, Inc.
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these two options, the versatility of mammalian cell culture

would be improved if cells could be routinely kept at low
temperatures with little or no maintenance and then re-
covered quickly without a decline in their capacity for
growth. Here it is demonstrated that adherent or suspension

cultures of mammalian cells can be paused for short pe—
riods (days to weeks) in standard media at temperatures
between 4°C and 24°C.

The mammalian constraint in body temperature around
37°C has most likely resulted in a large number of diverse
molecular adaptations affecting many aspects of cellular
activity. However, cells, organs, and even entire organisms

can recover from heat and cold stress, seemingly without
any long-term consequences. In fact, periodic hypothermic

exposure of cultivated mammalian cells can result in cold—
tolerant cell lines (Michl et al., 1966; Glofcheski et al.,

1993). Mammalian cells are therefore likely to possess a
set of natural response mechanisms when diverting from
and returning to the 37°C setpoint. Tissues such as skin
and testis are normally maintained at temperatures lower
than that of the body cavity, and the core temperature of
long—term hibernators is allowed to vary during periods of
hibernation (Willis, 1987). Hypothermia also has several

medical applications. For example, transplantable tissues
are often preserved at low temperatures for short periods
(Sicular and Moore, 1961; Belzer et al., 1967). Reduction

of the heart’s temperature during cardiac surgery is known

to reduce the risk of myocardial ischemia (Mauny and

Kron, 1995), and mild hypothermia is used to limit the
severity of traumatic brain injuries (Connolly et al., 1962;
Marion et al., 1997).

For cultured mammalian cells, cold exposure reduces

the rate of ATP synthesis and alters membrane permeabil—
ity (Hochachka, 1986; Willis, 1987). Mild hypothermia

(25433°C) reduces the rate of progression through the cell
cycle, while moderate (16—20°C) or severe hypothermia

(4410°C) may block the cell cycle in the G2 phase or at
the G1/S boundary, respectively (Rieder and Cole, 2002).

Transcription and translation are reduced by cold exposure,

but the expression of a few proteins including p53, WAF1,
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and cold—inducible RNA—binding protein (CIRP) is elevated
at temperatures in the range of 25—33 °C (Nishiyama et al.,
1997; Matijasevic et al., 1998; Ohnishi et al., 1998; Sonna
et al., 2002). Interestingly, heat shock proteins are expressed
during rewarming to 37°C after hypothermic exposure
(Holland et al., 1993; Liu et al., 1994; Kaneko et al., 1997).

Cold stress also results in protein denaturation and aggre-
gation and disruption of the cellular cytoskeleton (Fujita,
1999; Sonna et al., 2002). Cold stress can induce apoptosis,
but this may be cell—type—speciflc and dependent on the
length and severity of the hypothermic exposure (Soloff

et al., 1987; Perotti et al., 1990; Kruman et al., 1992; Gregory
and Milner, 1994; Grand et al., 1995; Rauen et al., 2000).

As with other forms of cell stress, mammalian cells can

recover from hypothermic exposure. Vv’e took advantage of
this property to demonstrate that cultivated mammalian

cells can be stored for up to 3 weeks at 4—24°C and then
recovered by rewarming to 370C. We use the term pausing
to describe this method of cell storage. To be useful,
pausing should be possible at any phase of a cell culture
and at any scale of operation. Both adherent and sus—
pension cells were paused in commonly used culture ves-

sels such as T—flasks, spinner flasks, and bioreactors. After
pausing, viable cells continued to divide and were used

for routine applications, including stable and transient re-
combinant gene expression. These findings suggest that
pausing is an attractive alternative for the short-term stor-
age of cultivated mammalian cells.

MATERIALS AND METHODS

Cells

Adherent CHO-DG44 and HEK293 EBNA (HEK293E)
cells were maintained in DMEM/F12 medium with 2%

fetal calf serum (FCS). For CHO-DG44 cells the medium

also contained 0.68 g/l hypoxanthine and 0.194 g/l thy-
midine (Sigma Chemical, St. Louis, MO). Suspension—
adapted HEK293E cells were grown in spinner flasks in
serum—free Ex—Cell 293 medium (JRH Biosciences, Le—

nexa, KS) supplemented with 4 mM glutamine. The agita-

tion speed was 90 rpm. Recombinant CHO—Clone 161 cells
expressing the enhanced green fluorescent protein (GFP)

were grown as an adherent culture in DMEM/F 12 medium
in the presence of 2% FCS (Hunt et al., 1999). Suspension
cultures of recombinant CHO-YlgG3 cells that express the
enhanced yellow fluorescent protein (YFP) and a human
lgG were maintained in spinner flasks stirred at 90 rpm in
serum—free ProCHOS—CDM medium (Cambrex BioScience,

Walkersville, MD) supplemented with 4 mM glutamine
(Miescher et al., 2000; Hunt et al., 2002).

Pausing in Microcentrifuge Tubes

CHO-Clone 161 cells at mid-log phase were trypsinized,
harvested by centrifugation, washed in phosphate-buffered

saline (PBS), resuspended at a density of 1 X 106 cells/ml
in fresh DMEM/F12 medium supplemented with 2% FCS

and 4 mM glutamine, and transferred as 1—ml aliquots into
1.5 ml microcentrifuge tubes. The cells were incubated in
the absence of C02 control for various times at the tem-

peratures indicated in the text. Subsequently, 30 or 50 pl
aliquots of the paused cells were transferred to 12-well

microtiter plates supplied with 0.5 ml of fresh DMEM/F 12
medium containing 2% FCS and 4 111M glutamine per well.
For assessing cell growth, the samples were incubated at
37°C, and fluorescence was measured at various times with

a Cytofluor Series 4000 plate—reading fluorometer (Per—
Septive Biosystems; Framingham, MA) using an excitation
wavelength of 485 nm and an emission wavelength of
530 nm. Cell viability was determined by the Trypan blue
exclusion method.

Pausing in T-flasks

Adherent CHO-DG44 and HEK293E cells were seeded in

25 cm2 T—flasks in DMEM/F 12 medium supplemented with
2% FCS and incubated at 37°C in 5% C02 and 95%

humidity. When the cultures reached 80% confluence the
caps of the flasks were closed and the cultures were stored

at 40C for 9 days. After pausing, the cells were incubated
for 12 h at 37°C under humidity and C02 control. Ad-

herent cells were detached with trypsin and 2 X 105 cells
were seeded in 25 cm2 T-flasks in 5 ml of fresh medium

with 2% FCS and incubated at 37°C under humidity and
C02 control. At various times the cells were trypsinized
and counted using a CASYl counter (Scharfe System, Reut-

linger, Germany).

DNA Transfections

Adherent CHO-DG44 cells were grown in T-150 flasks to
80% confluence at 37°C in 5% C02 and 95% humidity.
The cap of the flask was then closed and the cells were

stored at 43C for 2 days. After pausing, the cultures were
incubated at 370C for 5 h. The cells were trypsinized and
seeded in 12—well microtiter plates at a density of 4 X
105 cells/ml in 1 ml of modified DMEM/F12 medium

with 2% FCS, 4 mM glutamine, 0.68 g/l hypoxanthine, and
0.194 g/l thymidine. Nonpaused control cultures main-
tained in T-flasks at 370C were seeded under the same

conditions. After 4 h of incubation at 37°C, 660 111 of the
medium was removed and 100 pl of a calcium phosphate-

DNA coprecipitate containing 2.5 ug of pCMV-DsRed-
Express (ClonTech, Palo Alto, CA) was added to each
well. After 1 h of incubation at 37°C, the medium was

removed and the cells where exposed to an osmotic shock

by the addition of 10% glycerol in PBS. After 1 min, the
glycerol solution was removed and replaced with fresh

medium. After 3 days of incubation at 370C DsRed ex—
pression was determined with a plate-reading fluorometer.

Suspension cultures of HEK293E cells were seeded in

spinner flasks at a density of 5 X 105 cells/ml in 300 ml of
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Ex—Cell 293 medium. After incubation at 37°C for 1 day,
the cultures were incubated at 4°C or 24°C for 3 days.
A control culture was maintained at 37°C. Paused and

nonpaused cells were then passed to fresh Ex-Cell 293

medium in spinner flasks at a density of 1 X 106 cells/1111
and incubated at 37°C for 24 h. Cells were then seeded in

12-well microtiter plates at a density of 5 X 105 cells/1111 in
1 ml of modified DMEM/F 12 medium with 1% FCS. To

each well, 100 pl of calcium phosphate-DNA coprecipitate
containing 50 ng pEGFP—Nl (ClonTech) and 2.45 ug calf
thymus DNA (Invitrogen, Basel, Switzerland) was added.

The plates were agitated at 120 rpm for 4 h at 37°C in 5%
C02 and 95% humidity. One volume of Pr0293s-CDM me-
dium (Cambrex BioScience) was then added to each well.

At 3 days posttransfection the cells were lysed by addition
of 200 ul PBS with 10% Triton X-100. After a 1-h incuba-

tion with agitation at 37 °C, the GFP level was determined
using a plate-reading fluorometer as described above.

Pausing in Bioreactors

Each 3-L bioreactor (Applikon, The Netherlands) was

seeded with CHO—YIgG3 cells at a density of 5 X 105 cells/
ml in l l of ProCHOS CDM medium. The cultures were

maintained at 37°C at pH 7.1 with the dissolved 02 main-
tained at 20%. Agitation was set at 150 rpm. For paused
cultures. the temperature was reduced at 6 h postinocula-

tion for a period of 72 h. Pausing at 24°C was accom-
plished by disconnection of the heating unit. The room

temperature during any single experiment fluctuated by
i1°C. Cultures were maintained at either 4°C or 12°C

using a 3—L water—jacketed bioreactor (Applikon) con—
nected to a MultiTemp III waterbath (Amersham Bio-

sciences, Uppsala, Sweden). During pausing. the pH was
maintained at 7.1. To reduce the risk of cell damage during
pausing. the stirring speed was reduced to 90 rpm. the
lowest speed that prevented settling of the cells. After
pausing the temperature was returned to 37°C and stirring

was increased to 150 rpm. Samples were taken once or
twice per day. The cell number and viability were de-

termined using the Trypan blue exclusion method. The
packed cell volume (PCV) was determined using 1 ml PCV

tubes (Techno Plastic Products, Trasadingen, Switzerland).
The concentration of fully assembled IgG in the culture

medium was determined by sandwich ELISA as previously
described (Meissner et al, 2001). Glucose, glutamine, so-
dium bicarbonate, and sodium hydroxide were added to the
cultures as needed.

RESULTS

Pausing in Microcentrifuge Tubes

Our initial studies to investigate the feasibility of pausing

utilized recombinant CHO-Clone 161 cells that homoge-
neously express GFP. For this cell line, a linear correlation

CONFIDENTIAL

between cell number and fluorescence has been observed

(Hunt et al., 1999). Therefore, it was possible to use a

standard multiwell plate reader to noninvasively monitor
growth of these cultures over time. Adherent CHO-Clone
161 cells were trypsinized, suspended in fresh medium.
transferred to microcentrifuge tubes, and stored at various
temperatures for 4 days without agitation. After pausing.
the highest Viability was observed in cultures that were
maintained at 17°C, but high viability was also seen in
cultures stored at 6°C and 22°C (Fig. 1A). In contrast,
pausing at 0°C or 37°C resulted in a high percentage of
nonViable cells $ig. 1A). Paused cells were evaluated for
growth at 37°C by dilution of 30 ttl aliquots of paused
cultures into fresh medium in 12-well microtiter plates.

The extent of cell growth at 37°C was determined by
monitoring the level of GFP expression. Vigorous growth

was observed following pausing at 6—22°C, while cells
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Figure 1. Pausing of CHO-Clone 161 cells in microcentrifuge tubes.
A: Adherent cells were trypsinized and paused as suspension cultures in
microcentrifuge tubes for four days at various temperatures as indlcated.
The cultures were not agitated during pausing. The nonpaused (NP) cul-
ture was maintained in a T-flask at 37°C. The Viability of the cultures was
determined by thc Trypan bluc exclusion method. B: Cells from paused
and nonpaused (NP) cultures were passed in duplicate to fresh medium in
96-well [microtiter plates and [maintained at 37°C. GFP expression was
measured by fluorometry at the times indicated.
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paused at 4°C grew more slowly (Fig. 1B). Little growth
was observed for cells paused at 0°C or 37°C (Fig. 1B).

The effect of the length of the pausing period on cell
viability was investigated by maintaining CHO-Clone
161 cells at 6°C for up to 20 days. The Viability of the
paused cultures decreased with time, but more than 30% of
the cells remained viable after 20 days of storage (Fig. 2A).

After pausing, 50 pl aliquots of cultures were diluted in
fresh medium in 12-well microtiter plates and incubated at
37°C. All of the cultures resumed growth, albeit with a lag
period that was most pronounced for cells stored for 6 or
20 days (Fig. 2B). After the lag period, the paused cells
grew at approximately the same rate as the nonpaused cells
(Fig. 2B). Although the cultures paused for 6 or more days
did not reach the same cell density as the nonpaused con-
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Figure 2. Pausing of CHO-Clone 161 cells in microcentrifuge tubes.
A: Cells were paused as described in Figure 1 at 6°C for various times as
indicated. The nonpaused (0 days) cells were maintained in a T-flask at
37°C. The Viability of each culture was determined by the Trypan blue
exclusion method. Each bar represents the average of two independent
cultures. B: Paused and nonpaused (NP) cultures were passed at various
times to 96-well microtiter plates and incubated at 37°C. The GFP
expression was measured by fluorometry at the times indicated. Each point
represents the average of three cultures.

trol, cells paused for 2 days at 6°C grew at approximately
the same rate and to the same cell density as the nonpaused

culture (Fig. 2B).

Pausing in T—flasks

To determine if the results observed with CHO-Clone

161 cells applied to other cells, adherent HEK293E and
CHO-DG44 cells were paused in T-flasks at 4°C for 9 days.
During pausing, the cells became round and detached from
the surface even though serum was present in the medium.

This may have been due to the disassembly of the cyto—
skeleton (Sonna et al., 2002). After pausing, the cultures
were incubated at 37°C overnight. During this period the
viable cells reattached to the plate and regained their
fibroblastic appearance. Adherent cells were then trypsin-

ized, replated in fresh medium, and incubated at 37°C. For
the paused cells, exponential growth did not begin until

about 24 h after plating (Fig. 3). In contrast, the cell number
in the nonpaused cultures more than doubled during this
period (Fig. 3). By 93 h after plating, the paused cultures
had reached about the same cell density as the control

cultures (Fig. 3). Similar results were observed with ad—
herent cultures of baby hamster kidney (BHK) cells (data

not shown). These results demonstrate that commonly used
human and rodent cell lines can be stored at reduced

temperatures for several days.

Transfection of Paused Cells

To demonstrate the utility of pausing, we determined if

paused cells could be transfected at the same efficiency
as nonpaused control cells. Adherent CHO-DG44 cells

were grown in T—flasks to 80% confluence at 37°C and
then incubated at 4°C for 2 days. After pausing, the cells

25-
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Figure 3. Pausing of adherent cells in T-flasks. Duplicate cultures of
HEK293E and CHO-DG44 cells were paused in 25 cm2 T-flasks at 4°C
for 9 days. The Viable cells were allowed to rcattach by 1ncubation at 37°C
for 12 h. Paused (P) and nonpaused (NP) cells were then trypsinized,
plated T-flasks, and incubated at 37°C. The cell number was determined
with a CASYI counter at the times indicated.
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were incubated at 37°C for 5 h to allow Viable cells to

reattach to the plate. The viability of the paused culture

was 93%. The cells were passed to 12—well microtiter plates
and transfected with pCMV-DsRed-Express using the cal-
cium phosphate-DNA copreeipitation method As shown
in Figure 4A, the level of DsRed expression at 3 days post-
transfection was slightly higher in the paused culture than
in the nonpaused culture (Fig. 4A). These results demon-
strated that pausing for 2 days at 4°C did not alter the
transfection efficiency of adherent CHO—DG44 cells.

To determine if this observation applied to other cell

lines, a similar experiment was performed with suspension—
adapted HEK293E cells in spinner flasks. The cultures
were incubated at either 4°C or 24°C for 3 days. After
pausing, the cells were passed to fresh medium at a density

of l X 106 cells/1111 and maintained at 37°C for 1 day. The

DsRedExpression(rfu)I)   
37°C NP 4°C P

GFPExpression(rfu)    
4°C P

Figure 4. Transfection of paused cells. A: Adherent CHO—DG44 cells
were paused (P) for 2 days at 4°C or maintained at 37°C (NP), passed to
l2-well microtiter plates, and transfected with pCMV-DsRed-Express.
DsRed expression was measured at 3 days post-transfection. Each bar
represents the average of 11 transfections. B: Suspension cultures of
HEK293E cells were paused (P) in spinner flasks for 3 days at the

37°C NP 24°C P

temperatures indicated. The nonpaused (NP) cultures were maintained at
37°C. After pausing, the cells were transfected with pEGFP—Nl in micro-
titer plates. GFP expression was measured at 3 days posttransfection. Each
bar represents the average of three transfections.

cells were passed to 12—well microtiter plates and trans—
fected with pEGFP-Nl using the calcium phosphate-DNA

copreeipitation method. At 3 days posttransfection, GFP
expression in cells paused at either 4°C or 24°C was
similar to the level observed in nonpaused cells (Fig. 4B).
Similar results were obtained when the cells were paused
for 4 days at either 4°C or 24°C (data not shown). Through
4 days of pausing at either temperature, the Viability of
the cultures in spinner flasks remained above 85%. After
4 days of pausing, however, the viability decreased to
about 75% and continued to decrease with further expo-
sure to low temperature. These results demonstrate that
suspension-adapted HEK293E cells paused in spinner
flasks retained their capacity for transfection for up to
4 days.

Pausing in Bioreactors

We also explored the possibility of pausing cells in a bio—
reactor using a recombinant CHO cell line (CHO-YlgGS)
that expresses both YFP and a human lgG (Miescher
et al., 2000; Hunt et al., 2002). A single homogenous seed
culture was used to inoculate three 3—L bioreactors at a

density of 0.5 X 10° cells/ml. One of the reactors was
maintained at 37°C and the other two were paused at ei-
ther 12°C or 24°C beginning at 6 h postinoculation. After
72 h at the low temperature (78 h postinoculation), the

temperature was returned to 37°C. The paused cells grew
exponentially following a short lag period, but they did

 

  
 

     
A B+57‘C

100‘ +24": 1A +1200
3 so—

5 :2
N
v 60 "

= 401 ‘438 S
20.

N
0 0

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (hrs) Time (hrs)

D

a 4'E

g 3— /.9
3
2 2“
E-u:

G) ‘l-
E'

o.
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (hrs) Time (hrs)

Figure 5. Pausing of CHO-YIgG3 cells in bioreactors. Suspension
cultures of CHO—YIgG3 cells in 3-L bioreactors were paused at 12 3C or
24°C. Pausing began at 6 h postinoculation and ended at 78 h post-
inoculation. The control culture was maintained at 37°C throughout the
experiment. The Viable cell number (A), Viability (B), PCV (C), and IgG
titer (D) were measured at the times indicated.
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not achieve the same maximum cell density as the control
culture (Fig. 5A). During pausing and after rewarming to

37°C. cell viability did not decrease (Fig. 5B). The onset
of the viability decline of the paused cultures occurred
~3 days after that of the control culture (Fig. 5B). The
PCV of the two paused cultures reached the same level
as that of the control. indicating that the three cultures at-

tained the same cell mass (Fig. 5C). These results sug-
gest that the average cell size in the paused cultures was
greater than that in the nonpaused cultures. Finally, the
lgG titer in the culture paused at 24°C reached about the
same level as in the control culture, while that in the cul—

ture paused at 12°C was slightly lower than the control
(Fig. 5D).

In a separate experiment CHO-YlgG3 cells were paused
in a 3-L bioreactor at 4°C for 72 h. After the temperature

was raised to 37°C the paused culture eventually achieved
the same maximum cell density as the control (Fig. ()A).

The viability of the paused culture was stable during the
period of pausing, but a 70% loss in viability was observed
after rewarming to 37°C at 78 h postinoculation (Fig. 6B).
However, the viability of the culture eventually returned to

90% (Fig. 6B). The PCV of the paused and nonpaused
cultures also reached the same level (Fig. 6C). The lgG titer
was slightly higher for the paused culture than for the
nonpaused culture (Fig. 6D). These results demonstrate that
a recombinant CHO cell line can be paused at 4—24°C for
up to 3 days without substantial negative effects on cell
mass or recombinant protein expression.
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Figure 6. Pausing of CHO—YlgGS cells in bioreactors. A suspension
culture of CHO—YlgG3 cells was paused at 4°C in a 3-]. bioreactor.
l‘ausing began at o h postinoculation and ended at 78 h postinoculation.
The control culture was maintained at 37°C throughout the experiment.
The Viable cell number (A), Viability (B), PCV (C), and IgG titer (D) were
measured at the times indicated.

DISCUSSION

The experiments described here demonstrate that cultured
mammalian cells stored for short times (days or weeks) at
low temperatures (4—24-°C) resumed exponential growth

when rewarmed to 37°C, albeit with a lag period whose
duration varied depending on the pausing conditions and
the cell line. This represents a new approach to the short-
term storage of cultivated mammalian cells. Cells were
paused for up to 3 weeks in this range of temperatures, and
pausing was performed in a number of different culture

vessels including T—flasks, spinner flasks, and bioreactors.
For the two applications tested, transient gene expression
following transfection and recombinant protein expression
from a stable cell line, the paused cells performed as well as
the nonpaused control cells in most cases.

As one example of the utility of this method of storage,
suspension cultures of CHO-YlgG3 cells were paused for

3 days in bioreactors. During pausing at 4°C, 12°C, or
24°C the cell viability ranged from 93—98%. Rewarming
to 37°C was only detrimental to cells paused at 4°C. In this
case, the viability was reduced to 30% by 16 h after the

return to 37°C. Cell death in this instance may have been
due to apoptosis, but this was not confirmed. The paused

cells were visibly smaller immediately after rewarming
than before, one of the characteristics of apoptotic cells
(Hockenberry, 1995). Cold-induced apoptosis has been
shown to result from increases in the intracellular pools of
chelatable iron and reactive oxygen species (Rauen et al.,
1999, 2000). Thus, it may be possible to prevent cell dam—
age due to exposure to 4°C by including antioxidants in the
culture medium (Rauen et al., 2000). Clearly, cold—induced
apoptosis was not a significant problem with the cultures

paused in bioreactors for 3 days at 12°C or 24°C. This is
not surprising, since two distinct mechanisms of hypo-
thermic damage have been reported for cells exposed to
temperatures above or below the minimum inactivation
temperature, which is usually between 5—10°C for culti-
vated mammalian cells (Kruuv et al., 1995). Below this

temperature, direct chilling injury (DCI) caused by hypo-

thermic exposure is linked to thermotropic phase transi—
tions of lipids resulting in loss of membrane integrity (Arav
et al., 1996).

Despite the differences in cell viability after rewarming,

the cultures paused in bioreactors produced approximately
the same level of recombinant antibody as the nonpaused
control cultures. These results suggest that stable cell lines
can be paused at low temperatures for short periods without
compromising their ability to produce recombinant pro-
tein. We have also shown that adherent CHO—DG44 cells

paused and suspension-adapted HEK293E cells retain the

capacity to be efficiently transfected using the calcium
phosphate-DNA coprecipitation method. For CHO-DG44

cells, an elevation of reporter gene expression was con—
sistently observed for the paused cells as compared to the

nonpaused cells. This may have been a consequence of

cell synchronization caused by pausing at 4°C (Rieder
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and Cole, 2002). Efficient transfection of adherent CHO—

DG44 by this method has been shown to be cell cycle-

dependent (Grosjean et al., 2002).
Although the feasibility of pausing has been demon-

strated, we have not yet attempted to optimize the method.
Preliminary experiments have suggested that the pH and
the availability of glucose and glutamine are important pa-
rameters for long-term pausing, but pausing for 1—2 days
can be performed in PBS (Hunt and Wurm, unpubl. data).
Additional experimentation will be necessary to determine
how to best maintain cell Viability after pausing. Our initial

studies, however, do suggest that there are limits to this
approach to cell storage. For example, rewarming of cells
stored at 43C had a significant negative effect on cell
viability. Despite limitations, low temperature pausing is
expected to be beneficial to many users of [mammalian cell
culture, as it provides a simple and inexpensive method for
the short-term storage of cells in a number of different

formats. It should be possible to transport cells for several
days without temperature control. In addition, the obser-
vation that adherent cells detach during pausing suggests
that this approach can be used instead of enzymatic or

mechanical detachment if these techniques are not feasible.

This article is dedicated to the memory of Dr. Lisa Hunt. who died
on September 21, 2002. The authors thank Ilda Tabuas Baieta
Muller, Patrizia Tromba, and Hicham El Abridi for technical as-
sistance, Martin Bertschinger for preparation of the figures. and
Techno Plastic Products for the gift of the PCV tubes.
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Effect of Low Culture Temperature on Specific Productivity and

Transcription Level of Anti-4-lBB Antibody in Recombinant Chinese

Hamster Ovary Cells

Sung Kwan Yoon, Sung Hyun Kim, and Gyun Min Lee*
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Yusong Gu, Daejon 305 701, Korea

Lowering the culture temperature has been suggested as a useful tool for improving
the production of recombinant proteins in Chinese hamster ovary (CHO) cells. In an
effort to improve anti—4—1BB antibody production in recombinant CHO (rCHO) cells,
rCHO cells producing anti—4—1BB antibody (LGA31—56) were cultivated at three
different temperatures, 30, 33, and 37 OC. Lowering the culture temperature led to
suppressed cell growth, cell cycle arrest in Go/G1 phase, and improved cell viability
for a longer period. However, antibody production and qAb were not increased at low
culture temperature. The maximum antibody concentration and qAb at 37 °C were
110.6 :: 2.6 ,ug mL’1 and 0.43 :: 0.03 Mg (106 cells h)”, respectively, whereas those at
30 0C were 28.3 :: 3.8 ,ug mL’1 and 0.44 :: 0.07 (106 cells h)”, respectively. Northern
blot analysis revealed that lowering the culture temperature did not increase the
transcription level of heavy and light chains. These results were quite in contrast
with the improved production of erythropoietin, which is expressed in the same CHO
host and driven by the same CMV promoters, by lowering the temperature. Taken
together, the results obtained imply that the beneficial effect of low culture temperature

  
  

on recombinant protein production in rCHO cells is cellrlinerspecific.

Introduction

Chinese hamster ovaly (CHO) cells are being used
increasingly in industry to manufacture therapeutic
antibodies (I). To realize an efficient process for antibody
production by CI IO cell culture, environmental paramr
eters that affect cell growth and antibody production need
to be investigated.

To simulate normal body temperature, recombinant
CHO (rCHO) cells are cultivated at 37 nC. Lowering the
culture temperature below 37 °C has been recognized as
a means to improve culture performance (2—7). rCI IO
cell culture at low temperature decreases specific growth
rate (u) but improves cell viability and decreases the rate
of releasing cellular proteins for a longer period (2).
Moreover, lowering the culture temperature may also
increase specific productivity (q), though its effect on g
is variable among different rCHO cell lines. For example,
cultivation of rCHO cells at low temperature resulted in
enhanced q of Citerminal aramidating enzyme (3’), Us
sular plasminogen activator (tePA) (4), secreted alkaline
phosphatase (SEAP) (5), and erythropoietin (EPO) (6) but
did not affect q of 'l'NKrtPA and decreased q of rhesus
thrombopoietin (TPO) (8)

Antie4elBB monoclonal antibody, a humanized antir
body produced from CHO cells, is a potential therapeutic
antibody controlling unwanted immune responses in
persons with au toirnrnune diseases (9). To improve antir
471BB antibody production from rCHO cells (LGA31756),
we investigated the effect of culture temperature (30, 33,
and 37 °C) on cell growth and antibody production.

* To whom correspondence should be addressed. Fax: 827427
86972610. Email: gmlee@mail.kaist.ac.kr.

10.1021/bp034051m CCC: $25.00

Furthermore, to understand the effect of low culture

temperature on specific antibody productivity (qAb), we
analyzed the transcription level of immunoglobulin (lg)
and cell cycle of rCHO cells.

Materials and Methods

Cell Line and Cell Culture. The rCHO cells produe
ing a humanized antii471BB antibody for active suppresi
sion of antibodyemediated autoimmune reactions (LGA317
56) were used in this study. Heavyechain (HC) and light
chain (LC) expression vectors were constructed separately,
as described previously (9) Then they were cotransfected
into dihydrofolate reductase (DHFR)7deficient CHO cells
(DUKX B11, ATCC CRL 9096) and underwent subse
quent DHFR/methotrexate (MTX)7mediated gene amplie
fication. The stable rCHO cells (LGA31756) were selected
at 1 ,uM MTX.

The medium for culture maintenance was Iscove’s

modified Dulbecco’s medium (IMDM, Gibco, Grand 137
land, NY) supplemented with 10% (v/v) dialyzed fetal
bovine serum (dFBS, Gibco). Cells were maintained as
monolayer cultures in 25 cm2 Teflasks (Nunc, Roskilde,
Denmark) in a humidified 5% C02 incubator at 37 nC.
Exponentially growing cells were inoculated at 0.6 X 105
cells mL’1 into 25 cm2 Teflasks containing 4 mL of IMDM
supplemented with 10% dFBS, and the Teflasks were
incubated in the humidified 5% C02 incubator at 37 °C.

When the viable cell concentration reached approxie
mately 1 x 105 cells mL’l, the medium was removed and
the cells were washed once with Dulbecco’s phosphate
buffered saline (DePBS, Gibco). The Teflasks were then
filled with 4 ml. of SFZ semmefree medium (7(7) and were
incubated in humidified 5% C02 incubators at three
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different temperatures, 30, 33, and 37 “C, respectively.
Periodically, Teflasks were sacrificed to determine viable
cell concentration. Culture supernatants, after centrifur
gation, were aliquoted and kept frozen at ’70 0C for later
analyses The viable cell concentration was estimated by
using the trypan blue dye exclusion method.

Quantitation ofAnti-4-lBB Antibody. The secreted
antie471BB antibody concentration was quantified by an
enzymeelinked immunosorbent assay (ELISA). Briefly,
96well plates (Nunc) were coated with bacterially ex
pressed 471BB, which is fused to glutathione Setransr
ferase (GST7471BB) and blocked with bovine serum
albumin (BSA) and Tween 20. The human lgG standard
(Sigma, St. Louis, MO) and culture supernatants diluted
with blocking buffer were loaded on wells and treated
with goat antiehuman IgG peroxidase conjugate (Sigma)
in diluent solution.

Cell Cycle Analysis. To assess the effect of culture
temperature on cell cycle distribution, cellular DNA
contents were analyzed by flow cytometry, as described
previously (6).

Northern Blot Analysis. For Northern analysis, total
RNA was extracted from the cells using TRI reagent
(Sigma) according to the manufacturer’s protocol. After
total RNA (1.5 Mg) was developed on 1.2% agarose
formaldehyde gels by electrophoresis, HC and LC mRNAs
were characterized by Northern blot hybridization with
the respective probes, The IIC and LC probes were
radioactively labeled by random primed incorporation of
[aegzP]dCTP (Amersham, Amersham, U.K.). Membrane
transfer, prehybridization, and hybridization were per
formed using the protocol described previously (I 1). After
hybridization, the band intensity was quantitated using
Phosphorlmager (Molecular Dynamics). Subsequently,
the membrane was stripped and rehybridized with a
CHO flractin cDNA probe for band intensity normalizar
tion. Hybridization and analysis with the fleactin probe
were performed in the same manner.

Evaluation of Specific Antibody Productivity.
The (1% was based on the data collected until the end of
stationary phase and was evaluated from a plot of the
antie471BB antibody concentration against the time
integral values of the growth curve ([2).

Results and Discussion

To determine the effect of low culture temperature on
rCHO cells (LGA31756) in regard to growth and antir4r
1BB antibody production, cells were cultivated at three
different temperatures, 30, 33, and 37 °C. Duplicate
cultures were performed two separate times.

Figure 1 shows typical cell growth and Viability profiles
during culture. When cells were subjected to low temr
perature, cell growth was suppressed. The maximum
Viable cell concentration and [l at 37 “C were 2.53 :: 0.20
X 106 (av :: SD, n = 2) cells mL’1 and 0.022 :: 0.003 h’l,
respectively. On the other hand, those at 33 “C were 1.31
:: 0.11 x 106 cells mL’1 and 0.014 :: 0.004 h’l, respecr
tively. At 30 “C, the maximum Viable cell concentration
obtained was only 0.31 :: 0.06 x 106 cells mL’l.

To further investigate the growth suppression at low
culture temperature, cell cycle distribution was analyzed
by flow cytomet1y As observed in other rCHO cells (5,
6), lowering the culture temperature resulted in rapid
reduction of cells in S phase and concomitant accumula
tion of cells in GO/G1 phase. After 78 h cultivation,
approximately 77% of cells and 67% of cells accumulated
in Gu/Gl phase at 30 and 33 “C, respectively, while 45%
of cells remained in Go/Gl phase at 37 “C (Table 1). These
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Figure 1. Effect of culture temperature on cell growth and
Viability: (O) 30 °C; ( ) 33 “C; (A) 37 °C. (A) Viable cell
concentration. (B) Cell viability. The error bar represents the
standard deviations calculated from the data (17 = 4).

 
  
 

Table 1. Effect of Culture Temperature on Percent of
Cells in Different Phases of the Cell Cycle of rCHO Cellsa

culture temperature (° C)
30 33 37

time Gel/G] S Gz/lVf Col/G1 S Gz/M G0/G1 S Gz/lVT
(h) (9/0) (9%) (Do) (Do) (Do) (Do) (“0) (00) (°/)
24 64.9 20.2 14.9 59.1 28.3 12.6 36.0 52.6 11.4
78 77.4 17.4 5.2 66.6 156 17.8 44.8 45.1 10.0

 

a Cell samples were taken during cultures shown in Figure 1.

results agreed that low culture temperature led to
suppressed cell growth. cell cycle arrest in Go/Gl phase,
and improved cell Viability for a longer period in batch
culture (2— 7).

A coldeinducible RNA? binding protein (CIRP) may play
an essential role in suppression of CHO cell growth at
low culture temperature. In response to low culture
temperature (32 “C), expression of CIRP in mouse
fibroblasts was induced, and growth was suppressed. By
suppressing the induction of ClRP with antisense olir
godeoxynucleotides, this growth suppression was allevie
ated, while overexpression of CRlP resulted in sup
pressed cell growth at 37 “C with prolongation of Co/Cl
phase (13). However, the molecular mechanism underly
ing the cold response in CHO cells needs to be elucidated.

Figure 2A shows antibody concentration in the medium
during the cultures shown in Figure 1A. Lowering the
culture temperature did not increase antibody produce
tion. The maximum antibody concentration at 37, 33. and
30 “C was 110.6 :: 2.6, 106.4 :: 8.6 and 28.3 :: 3.8 Mg
mL’l, respectively. To determine qAb, the time integral
of Viable cells versus antibody concentration was plotted
as shown in Figure 2B. The slope of such plots is equal
to (1%, if qAb is constant. The (1% was fairly constant until
the end of the stationary phase, though the (1% at 33 and
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37 °C decreased during the decline phase of growth.
Therefore, the (1% was calculated until the end of the
stationary phase (Table 2). Like the maximum antibody
concentration, the qAb was not enhanced at low culture
temperature.

To investigate whether lowering the culture tempera
attire affects the transcription level, Northern blot analy
sis was performed. Since the expression offieactin mRNA
is often considered as a constant and is not affected by
temperature (2), fieactin mRNA was used as an internal
control for lg mRN A analysis.

Figure 3 shows the Northern blots of 1g and flractin
mRNAs prepared from cell samples during the cultures
shown in Figure l. The relative mRNA content of HC
and LC was estimated as a ratio of the mRNA content of

HC and LC to fiactin mRNA content for each sample.
Like qAb, the relative HC and LC iiiRNA was not
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Table 2. Effect of Culture Temperature on qAba

culture temperature (1% quob
(C°) (mg (106 cells h)’1) (fig (106 cells h)’1)
30 0.44 :: 0.07 0.49 :: 0.14
33 0.50 :: 0.09 0.35 :: 0.08
37 0.43 :: 0.03 0.09 :: 0.03  

 aValues are means :: SD of two independent experiments.
b quo is extracted from ref 6.

increased by lowering the culture temperature. In addi
tion, the IIIRNA level of HC was higher than that of LC
regardless of the culture temperature, and we confirmed
that the expression of HC was also higher than that of
LC by SDS—PAGE analysis (data not shown).

The result that low culture temperature did not
increase qAb of rCHO cells (LGA31756) was rather sure
prising to us. Arresting cells in GO/G1 phase has been
suggested as a useful tool for improving production of
recombinant proteins. As observed in other rCHO cells
(5, 6), the culture of rCHO cells (LG/431756) at low
temperature resulted in rapid accumulation of cells in
GU/Gl phase. Furthermore, we previously observed that
lowering the culture temperature significantly increased
specific EPO productivity ((15110) of rCHO cells (LGElOr
9727) (Table 2) (6). The qu0 at 33 °C was approximately
4rfold higher than that at 37 “C. Like qu0, the relative
FPO mRNA content increased by lowering the culture
temperature, indicating that the increased transcription
level of FPO is responsible in part for the enhanced (115130
at low culture temperature. Both antie4eiRR antibody
and EPO were expressed in the same CHO host and were
driven by the same CMV promoters. Therefore, the
beneficial effect of lowering the culture temperature on
q of rCHO cells appears to be cellelineespecific and may
depend on the integration site of a foreign gene. The
efficacy of the simultaneous use of hyperosmotic pressure
and glycine betaine as a means to improve TPO produce
tion in rCHO cells was variable among clones (14, 15).
However, clonal variations of rCHO cells in regard to the
effect of low culture temperature on q need to be
investigated.

In conclusion, cultivation of rCHO cells producing anti
471BB antibody UsGA31756) at low temperature led to
suppressed cell growth, cell cycle arrest in Go/Gl phase,
and improved cell viability for a longer period. However,
antibody production and qA], were not increased at low
culture temperature. These results imply that the efficacy
of low culture temperature as a means to improve foreign
protein production in rCHO cells depends on the cell line.

 

     
         

  

 

   
      

  

 

Temperature (°C) 30 33 37
f N f ‘1

Time-30111) 1‘1 73 {36 2110 3023 41:18 "it: 1411 2211 31111 4113 ‘33 1421 11m 2111 2113

m a” fi fififififi g?“

m ”flmflfimflflflfififififiwna

B-fifjiil‘l fit» 1194:1115 13113 W .. W W 133% 335% 4:2;111

HC/§3~actin 4.2 4.1 2.8 3.7 3.11 3.9 3.1 3.3 4.2 3.4 4.3 43 4.7 3.8 3.2 3.5

LCfB-acrin 1.7 2.2 1.1 1.1 11.9 1.11 1.4 1.2 1.4 H) 1.7 1.2 1.2 1.3 11.9 1.11

Figure 3. Northern blot analysis of total RNA from the cultured cells shown in Figure 1. The ratio, HC/fieactin and LC/fieactin,
shows the relative content of antie4elBB mRNA normalized with the internal control. fieactin mRNA.
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Mammalian cells cultured in vitro are able to recover from cold stress. 
However, the mechanisms activated during cold stress and recovery are still 
being determined. We here report the effects of hypothermia on cellular 
architecture, cell cycle progression, mRNA stability, protein synthesis and 
degradation in three mammalian cell lines. The cellular structures examined 
were, in general, well maintained during mild hypothermia (27-32 °C) but 
became increasingly disrupted at low temperatures (4-10 °C). The degrada­
tion rates of all mRNAs and proteins examined were much reduced at 
27 °C, and overall protein synthesis rates were gradually reduced with tem­
perature down to 20 °C. Proteins involved in a range of cellular activities 
were either upregulated or downregulated at 32 and 27 °C during cold 
stress and recovery. Many of these proteins were molecular chaperones, 
but they did not include the inducible heat shock protein Hsp72. Further 
detailed investigation of specific proteins revealed that the responses to cold 
stress and recovery are at least partially controlled by modulation of p53, 
Grp75 and eIF3i levels. Furthermore, under conditions of severe cold stress 
(4 °C), lipid-containing structures were observed that appeared to be in the 
process of being secreted from the cell that were not observed at less severe 
cold stress temperatures. Our findings shed light on the mechanisms 
involved and activated in mammalian cells upon cold stress and recovery. 

The heat shock response has been extensively studied 
in a variety of systems and organisms, and generally 
involves the conserved and coordinated upregulation 
of heat shock proteins that act to alleviate the cellular 
stresses imposed by hyperthermic stress. Our current 
understanding of the cellular responses to subphysio­
logical temperatures (hypothermia) is less extensive. 
This is somewhat surprising, because of their relevance 
in medicine for the storage of cells, organs, and tissues, 
and the treatment of brain damage; as well as in the 
biopharmaceutical sector, where reduced culture tem­
perature can sometimes improve recombinant protein 
yields from mammalian cells cultured in vitro [l]. What 

is clear is that the general response to hypothermia 
appears to include the global attenuation of transcrip­
tion and translation, whereas a small group of pro­
teins, termed the cold shock proteins, are selectively 
induced [2]. However, unlike their heat shock counter­
parts, these cold shock proteins do not appear to be 
particularly well conserved between prokaryotic and 
eukaryotic systems, and their functions, such as have 
been defined, have to date been described in terms of 
their RNA rather than their protein biology. Exposure 
to subphysiological temperature is also known to 
generally lead to changes in the lipid make-up of 
membranes, resulting in increased membrane rigidity, 

Abbreviations 

CCT, chaperonin containing T-complex polypeptide1; Cirp, cold-inducible RNA-binding protein; ER, endoplasmic reticulum; HSF, heat shock 

factor; NEPHGE, non-equilibrium pH gradient gel electrophoresis; qRT-PCR, quantitative real-time PCR; Rbm3, RNA-binding motif protein 3. 
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compromised membrane-associated cell functions, and 
alterations in lipid synthesis and disposition [3]. 

The most well-characterized cold shock responses to 
date are those in plants and bacterial systems [3], there 
being much less information on the molecular mecha­
nisms underpinning the cold shock response in mam­
malian cells. Our current understanding is that the 
cold shock response in mammalian cells involves the 
coordination of transcription, translation, the cell 
cycle, metabolism, and cell cytoskeleton organization, 
but the exact mechanisms by which these are modu­
lated remain to be elucidated in most cases. Further­
more, mammalian cells respond to mild hypothermia 
(25-35 °C) in a different manner to more severely 
reduced temperatures (0-10 °C). This may largely 
reflect the fact that at more moderate temperatures, 
cells can still proliferate and grow, whereas at the 
severe temperatures, growth is fully arrested. Studies 
on hibernating animals and various in vitro cultured 
mammalian cell systems have also reported that mam­
malian cells in general respond to cold shock by disas­
sembly of the cell cytoskeleton, delayed apoptosis, 
reduced metabolism with reduction of ATP expendi­
ture, reduced protease activity, a reduction in free radi­
cal oxygen species, and attenuation of transcription 
and translation [3]. As a result of such reports, it has 
been suggested that there are five general mechanisms 
by which mammalian cells respond to cold shock. 
These are: (a) a general reduction in transcrip­
tion/translation; (b) reduction of RNA degradation; 
(c) increased expression of specific target genes; (d) the 
generation of alternative mRNAs via presplicing 
events; and (e) use of internal ribosome entry segments 
for preferential cap-independent translation of specific 
mRNAs under cold shock conditions [4]. 

There have been only two well-characterized mam­
malian cold shock proteins reported to date, RNA­
binding motif protein 3 (Rbm3) [5] and cold-inducible 
RNA-binding protein (Cirp) [6]. Both of these are 
induced in response to mild hypothermia (maximal 
expression around 32 °C) but not severe hypothermia, 
and are probably general stress response proteins, as 
they are also induced by a number of other stresses. It 
is generally thought that Rbm3 and Cirp are involved 
in the modulation of transcription and translation 
upon cold stress and function as RNA chaperones, 
although the exact function of these proteins remains 
to be elucidated [7]. Cirp and Rbm3 are highly similar 
proteins that consist of an N-terminal RNA-binding 
domain and a C-terminal glycine-rich domain, but 
show no homology to the cold shock proteins found in 
bacterial systems [3]. Our current understanding of the 
cold shock response, and the mechanisms involved in 

The cold stress response in mammalian cells 

coordinating that response, in mammalian cells is 
therefore extremely limited. 

It is interesting to note that although cold stress 
appears to generally reduce protein synthesis, in recent 
years recombinant protein production from in vitro 
cultured mammalian cells has been improved by reduc­
ing operating temperatures from 37 °C to mildly hypo­
thermic levels (28-34 °C) towards the end of the 
logarithmic increase in cell number [8]. This strategy 
has been adopted because although cell division and 
protein synthesis rates are appreciably slowed, cells 
show prolonged viability and increased cell-specific 
productivity under these mildly hypothermic condi­
tions. With regard to the cultivation of mammalian 
cells at subphysiological temperatures, the prolonged 
cell viability, delayed apoptosis, decreased glucose and 
glutamine consumption, decreased waste product 
release and increased tolerance to shear stress during 
cultivation under mildly hypothermic conditions are all 
features likely to extend the productive life of cells in 
terms of recombinant protein production [l]. However, 
as the cell division cycle slows and even arrests in G 1 

at the lower end of the mildly hypothermic range, and 
both transcription and translation rates are reduced at 
subphysiological temperatures, this may offset any 
potential positive effects of subphysiological culturing. 

To date, characterization of the mammalian cold 
stress response has largely derived from microarray 
analyses of transcriptional changes and single snapshot 
proteomic analyses of changes in protein levels upon 
exposure to subphysiological temperatures [3]. These 
have been most useful in defining the overall adapta­
tions to growth at subphysiological temperatures and 
in highlighting areas for further, more detailed investi­
gations into the mechanisms of cold adaptation. Here, 
we have investigated changes in protein synthesis rates 
upon cold stress, and show that an examination of 
changes in the synthesis rates of specific proteins dur­
ing cold stress, and during recovery, identifies subtle 
adaptations to growth at subphysiological tempera­
tures, not all of which have been previously uncovered 
by proteomic analysis of overall protein levels. The 
proteins identified in this study encompass a wide 
range of cellular activities, including cell cycle regula­
tion, translation initiation, cytoskeleton organization 
and, most particularly, molecular chaperone activity. 
Specific investigation of the roles of a number of the 
proteins identified leads us to the conclusion that the 
regulation of p53, Grp75 and eIF3i protein levels may 
play a key role in the response to, and recovery from, 
cold stress in mammalian cells. The implications of 
these findings in terms of the cold stress response in 
mammalian cells are further discussed. 
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The cold stress response in mammalian cells 

Results 

The cell lines chosen for this study were the cmmner­
cially relevant CHOKl cell line and two mouse cell 
lines, Pl9 embryonal carcinoma cells and NIH 3T3 
fibroblasts. Pl9 cells were chosen because of their par­
ticular sensitivity to cold stress. The temperature 
ranges investigated covered both severe cold stress (4 
and 10 °C) and more mild cold stress (27 and 32 °C), 
and were considered to be relevant to organ/tissue 
storage and the subphysiological in vitro culturing of 
mammalian cells for recombinant protein production 
respectively. The periods of time for which cells were 
exposed to cold stress (6-30 h) were those sufficient to 
elicit detectable cold stress responses while still allow­
ing the majority of cells, if not all, to recover upon 
rewarming. 

Severe, but not mild, cold stress results in 
marked changes in the cellular architecture 
of in vitro cultured mammalian cells 

Immunofluorescence studies highlighted changes in the 
structural architecture of all cell lines investigated 
upon their exposure to more severe cold stress (Figs 1 
and Sl). Cells cold-stressed at 27 or 32 °C for 6 h were 
indistinguishable from those maintained at 37 °C when 
investigated by immunofluorescence, with the excep­
tion that although the microtubule content was 
unchanged in Pl9 cells at 27 °C, the microtubule orga­
nization appeared to be compromised. Cells cold­
stressed at 27 or 32 °C, or maintained at 37 °C, were 
well spread, and the organelle distribution appeared to 
be unchanged as exemplified by mitochondrial staining 
(Fig. 1). Furthermore, when we monitored poly(ADP­
ribose) polymerase levels by western blot analysis, 
there was no evidence of poly(ADP-ribose) polymerase 
cleavage (Fig. S2A), which is activated upon apoptosis, 
and therefore we conclude that the cells are not apop­
totic at the times and temperatures investigated. At 27 
and 32 °C, reduced cell proliferation was observed, 
and previous reports have suggested that the cold 
shock protein Cirp may be responsible for cell cycle 
arrest of mammalian cells at subphysiological tempera­
tures [9]. However, our results suggest that cell cycle 
arrest at 27 °C is the result of an increase in the over­
all level (Fig. 2A) and changes to the post-translational 
modification pattern (Fig. 2B) of p53, which persisted 
in cells maintained at 27 °C for 6 h to 6 days. The 
expression of p21, a general inhibitor of cyclin-depen­
dent protein kinases and a downstream effector of 
elevated p53 levels, was also induced at 27 °C. During 
recovery from cold stress at 37 °C, the overall amounts 

A. Roobol et al. 

of these two proteins, and the isovariants of p53, 
returned towards their normothermic values and 
appearance (Fig. 2). The change in isovariant levels of 
p53 was not due to increased levels of acetylation, as 
shown by western blot analysis with an antibody spe­
cific for acetylated p53 (Fig. S2B). Across the mild 
cold stress conditions and time periods examined, there 
was 100% viability and recovery upon returning the 
cells to 3 7 °C. 

At near-freezing temperatures, the cellular appear­
ance and architecture were profoundly affected, in a 
cell line-specific manner, as compared with cells main­
tained at 37 °C. Under conditions of severe cold stress, 
cells were much more rounded and less well spread, 
and both nuclear and cellular diameter were decreased. 
Most cells cold-stressed at 4 °C had translucent, vesi­
cle-like structures that were easily detected by phase 
contrast viewing, on the surface of the cell (arrowed in 
Figs 1 and Sl). These vesicle-like structures appeared 
within 2 h of exposure to the severe cell stress but dis­
appeared very rapidly ( < 0.5 h) upon rewarming. The 
content of these vesicles was not revealed by general 
stains for DNA, RNA or protein, although this last 
stained the perimeter of the vesicles, but was instead 
strongly stained by the dye Oil Red 0, which preferen­
tially binds to uncharged lipids (Fig. Sl). The propor­
tion of cells able to recover from severe cold stress was 
much smaller than observed for recovery from mild 
cold stress, and typically 20-30% of cells did not sur­
vive upon rewarming from extreme cold (4 °C). Elec­
tron microscopy of cold-stressed cells revealed the 
presence of lipid-containing structures (as stained by 
osmium tetroxide) corresponding to these vesicles that 
appeared to be in the process of being extruded from 
the cell (Fig. 3). 

Of the cell lines investigated, CHOKl cells proved 
to be the most resilient to subphysiological tempera­
tures, possibly because they contain a sizeable popula­
tion of cold-stable microtubules and therefore 
maintain a relatively ordered intracellular organization 
at low temperatures (Fig. 1). Even at 4 °C, a sizeable 
population of microtubules persisted in CHO cells, 
although these appeared to be less ordered than those 
in cells maintained at 37 °C. Mitotic cells appeared to 
be particularly vulnerable to cold stress, and below 
20 °C cells were observed that contained multiple 
microtubule asters (Fig. l; CHOKl cells at 4 °C, lower 
section of the upper right panel) that were very similar 
in appearance to those formed in mitotic cells exposed 
to the microtubule-stabilizing drug taxol [10]. Such 
structures are formed when the nuclear envelope 
breaks down during mitosis and releases proteins (e.g. 
NuMA) that stabilize microtubule minus-ends and that 
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CHOKl P19 NIH3T3 

I 
Fig. 1. Structural changes in CHOK1, P19 and NIH 3T3 cells during mild and severe cold stress and after exposure to nocodazole. Cells 
were maintained at 37 °C, or then transferred to 27 or 4 °C for 6 h, or exposed to growth medium containing 3 µg·ml- 1 nocodazole, prior to 

fixation for immunofluorescence microscopy. In each panel of four: top left, phase contrast; top right, cr-tubulin detection; bottom left, F-actin 

detection; bottom right, mitochondrial Hsp60 detection. In CHOK1 cells at 4 °C, the lower section of the upper right panel shows the pres­

ence of multiple microtubule asters. In each panel of two (nocodazole staining):left, phase contrast; right, cr-tubulin detection. Bar: 10 µm. 

Arrows in the 4 °C phase contrast image point to vesicle-like structures that are also highlighted in Fig. S1. 
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Fig. 2. p53 is elevated and undergoes changes in post-translational 
modification in CHOK1 cells during maintenance at 27 °C. (A) 

Twenty micrograms of proteins extracted from CHOK1 cells, main­

tained at 27 °C or then rewarmed at 37 °C for the indicated times, 

were resolved by SOS/PAGE and detected by probing immunoblot 
for p53 or p21. (B) One hundred micrograms of proteins extracted 

from CHOK1 cells as in (A) were resolved by NEPHGE-SDS/PAGE 

and immunoblots were probed for p53. Arrows highlight changes in 

isoform distribution between the 37 and 27 °C samples. (C) As in 

(A) at 27 °C for up to 5 days (d, day) and upon rewarming (csr, cold 

shock recovery) for 5 h. 

would normally fulfil this function within the mitotic 
spindle poles. In the presence of taxol, these proteins 
mis-localize to the cytoplasm, where they stabilize 
microtubule aster formation [11]. The structures 
reported here in cold-stressed cells may originate from 
similar mis-localization of nucleating proteins. 

Pl9 cells had no detectable cold-stable microtubules, 
and organelle disposition was severely disrupted by 
temperatures below 20 °C (Fig. 1). The difference in 
microtubule stability between CHOKl, NIH3T3 and 
Pl9 cells was reflected by a relative abundance of 
STOP proteins ( data not shown), splice variants of 
which stabilize microtubules to cold exposure [12-14]. 
However, the apparent reduction in cell size and vesi-

A. Roobol et al. 

31°c 

4°c 

Fig. 3. Electron micrographs of P19 and CHO cells at 37 and 4 °C. 
P19 cells (A, C) and CHO cells (B, D) at 37 °C or after 6 h at 4 °C. 

At 4 °C, vesicle-like structures that contain lipids were observed 
(arrowed) that appeared to be in the process of being extruded 

from the cell. Bar: 1 µm. 

cle release observed in cells exposed to severe cold 
shock is not simply a consequence of a loss of micro­
tubules. Exposure of CHOKl, NIH3T3 and Pl9 cells 
to the antimicrotubule drug nocodazole at 37 °C com­
pletely depolymerized the microtubule networks in all 
three cell types and caused retraction of the cytoplasm, 
but, in contrast to cold-stressed cells, the nuclear size 
appeared to be unchanged (Fig. 1). Furthermore, no 
extracellular vesicular structures were observed after 
nocodazole treatment alone, suggesting that micro­
tubule depolymerization is not the key signal in the 
formation of the vesicle structures. 

Mammalian cells regulate the synthesis rates of 
specific proteins in response to cold stress and 
upon recovery at 37 °C 

Although there have now been a number of proteomic 
studies of the cold shock response in various systems 
that have yielded valuable information, these have 
been static-based measurement approaches and so do 
not account for any variation in protein synthesis and 
turnover rates upon exposure to any given cold-related 
stress. In order to determine the protein synthesis 
capacity of in vitro cultured mammalian cells at sub­
physiological temperatures, newly synthesized proteins 
were radiolabelled with [35S]methionine/cysteine mix 
for 1 h at the cold stress temperatures described above. 
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Scintillation counting was undertaken of samples from 
cells stressed at different temperatures, to ensure that 
any difference in the radioactive amino acid uptake 
did not account for differences in label incorporation 
into polypeptides (Fig. 4A). The acid-soluble material 
extracted from CHOKl cells changed little between 20 
and 37 °C, and at 20 °C the acid-soluble/insoluble 
ratio was actually increased (Fig. 4A). We therefore 
concluded that methionine/cysteine uptake was not 
limiting for changes in label incorporated into poly­
peptide/protein over the temperature range investi­
gated. 

SDS/P AGE analysis followed by autoradiography 
revealed that overall protein synthesis capacity was 
generally reduced at subphysiological temperatures, 
although cells at 32 °C, and even at 27 °C, still dis­
played an appreciable amount of protein synthesis 
(Fig. 4B), and at this level of resolution the range of 
proteins being synthesized was similar at 37, 32 and 
27 °C. Below 27 °C, protein synthesis was much 
more severely attenuated, being most affected in the 
most temperature-sensitive cell line, Pl9 (Fig. S3), 
the cell line whose cellular architecture was also 
most compromised upon severe cold stress. Protein 
synthesis rates were fully restored upon rewarming 
to 37 °C, and close examination of the SDS/PAGE 
analyses revealed that changes in protein synthesis 
rates were discernible between control cells main­
tained at 37 °C and those subjected to cold stress 
and then rewarming, particularly in the 50-7 5 kDa 
range (Fig. 4B). 

To examine changes in the synthesis rates of indi­
vidual proteins at subphysiological temperatures and 
upon recovery more closely, proteins were resolved 
by 2D non-equilibrium pH gradient gel electro­
phoresis (NEPHGE)-SDS/PAGE (pl > 4.5 and size 
20-150 kDa; Fig. 5A). Owing to this size range limi­
tation, we did not detect the two well-characterized 
mammalian cold shock-inducible proteins Cirp and 
Rbm3 ( < 20 kDa). However, changes in the synthe­
sis rate (up or down) for 25 newly synthesized poly­
peptides at 32 °C (Fig. 5B) and for 16 at 27 °C 
(data not shown) relative to those at 37 °C was 
observed. The synthesis rates of rather more (31) 
polypeptides changed upon rewarming after cold 
stress relative to their rates during continuous 
growth at 37 °C (Fig. SC). The synthesis rates of a 
similar number of polypeptides were observed to 
change for the other rewarming conditions examined: 
4-37 °C (27); 10-37 °C (33); and 20-37 °C (23). The 
range of polypeptides showing altered synthesis rates 
during cold shock recovery was similar regardless of 
whether the recovery was from severe or mild cold 

The cold stress response in mammalian cells 

A 

200 
180 Acid 

.... 
160 

insol 
6 Acid sol ... 
~ 140 
e 120 C. 
=.c 100 :::I. 

5 80 
fr 60 

40 
20 
0 

20°c 21°c 32°c 37°c 

B 

Fig. 4. Amino acid uptake and protein synthesis in CHOK1 cells 

exposed to, and recovering from, cold stress. (A) Cells maintained at 

37 °C, or then exposed to the indicated temperatures for 6 h, were 

radiolabelled in methionine/cysteine-deficient growth medium sup­

plemented with 1770 kBq·mL- 1 
[
35S]methionine/cysteine cell label­

ling mix for 10 min at the indicated temperature prior to extraction 

into ice-cold 0.6 M trichloracetic acid. (B) Cells maintained at 37 °C, 

or then exposed to the indicated temperatures for the indicated 
times, were radiolabelled as in (A) but for 1 hat the indicated temper­

atures. Thirty micrograms of extracted proteins were resolved 

by SOS/PAGE and detected by autoradiography. Molecular mass 

markers were 205, 150, 100, 75, 50, 37, 25, 20 and 15 kDa, and are 

indicated by lines on the left-hand side of the figure. 

stress. Most of the changes in synthesis rates upon 
cold stress or recovery observed in CHOKl proteins 
were observed in similar experiments with Pl9 and 
3T3 cells (Fig. S3). 
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A 37° Coomassie 

B 32° x 6 h radiolabel 32° h6-7 

100 

75 

50 

37 

25 

1 h radiolabel 

C 32° x 6 h then 37° x 5 h radiolabel 37° hS-6 

Fig. 5. Changes in protein synthesis rate in CHOK1 cells during 

exposure to, and recovery from, cold stress. CHOK1 cells were 

radiolabelled for 1 h under the indicated conditions, and then 

100 µg of extracted proteins were resolved by two-dimensional 

NEPHGE followed by SOS/PAGE. (A) Proteins extracted from cells 

maintained at 37 °C, detected by Coomassie staining (left panel) or 

by autoradiography (right panel). (B) Proteins extracted from cells 

held at 32 °C for 6 h. (C) Proteins extracted from cells held at 

32 °C for 6 h and then transferred to 37 °C for 5 h. In (B) and (C), 

white arrows identify increased synthesis relative to 37 °C, black 

arrows identify decreased synthesis relative to 37 °C, and numbers 

identify polypeptides referred to in Table 2. 

The more abundant CHOKl polypeptides (i.e. 
those readily visible by Coomassie staining) showing 
altered synthesis rates during cold stress or during 

A. Roobol et al. 

recovery were excised and subjected to in-gel tryptic 
digestion followed by MS analysis by MALDI­
TOF MS for their identification. In a number of 
cases, the identity was confirmed by immunoblot, and 
in a few cases [subunits of the cytoplasmic molecular 
chaperone chaperonin containing T-complex polypep­
tide 1 (CCT)], by a combination of immunoblot and 
previously identified positions on the NEPHGE­
SDS/PAGE system used, and with this approach, 17 
CHOKl polypeptide spots were identified (Table 1). 
All identified proteins are relatively abundant pro­
teins, but they cover a broad spectrum of functional 
act1V1tles in cells, including energy metabolism, 
cytoskeleton organization, protein synthesis, protein 
secretion and purine biosynthesis. The majority, how­
ever (9/17), were molecular chaperones deriving from 
at least three subcellular compartments, the cytoplasm 
(CCT subunits, Hsc73, and HOP p60), the mitochon­
drion (Grp75, Hsp60), and the endoplasmic reticulum 
(ER) (ERp57). 

Protein degradation is generally attenuated upon 
cold stress in mammalian cells 

The overall abundance of a polypeptide, and any 
change in it, depends not only on its rate of synthesis 
but also its degradation, and so protein degradation 
rates were also examined at subphysiological tempera­
tures. Examples of the protein half-life determinations 
for some of the specific CHO proteins investigated are 
shown in Fig. 6. Interestingly, at subphysiological tem­
peratures relevant to bioprocessing (32 °C), protein 
degradation was severely curtailed at a global level, 
being undetectable for all proteins examined at 27 °C 
over the time period (12 h) investigated. These, 
remarkably, included the normally very short-lived cell 
cycle regulator p53. It is notable that the half-life mea­
sured for CHO p53 at 37 °C (5.2 h) was longer than 
reported for this protein in many other cell lines (20-
60 min), a fact attributed to the CHOKl p53 gene 
having a point mutation in exon 6 sufficient to com­
promise the normal function; that is, CHOKl cells fail 
to arrest in G 1 after radiation-induced DNA damage, 
and the mutant protein is present at high spontaneous 
levels in these cells [ 15]. 

When the effect of cold stress and recovery on over­
all protein levels was examined by immunoblot, the 
changes detected were, with a few exceptions, much 
more subtle than might have been anticipated from the 
observed changes in their synthetic rates, particularly 
as their degradation rates were negligible at 27 °C. 
This is most likely because the polypeptides chosen for 
identification were relatively abundant proteins, so that 
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A. Roobol et al. The cold stress response in mammalian cells 

Table 1. Identification of CHOK1 proteins showing above-average temperature-dependent changes in synthesis rate. NC, no change; t, 
increased abundance; J., decreased abundance. 

Identifier, 

No. Common name Method Swissprot 

NEM-sensitive MS X15652 

fusion protein 

2 Grp75 MS/blot U92313 

3 Hsc73 MS/blot M34561 

4 HOP MS NM_138911 

5 IMP cyclohydrolase MS D89514 

6 CCT0 Blot Z37164 

7 CCTc, Blot M34665 

8 CCTo Blot Z31554 

9 Hsp60 MS/blot M22383 

10 ERp57 MS 091Z81 

11 CCT~ MS/blot Z31553 

12 ~5-Tubulin MS/blot NM_011655 

13 Actin MS AB013098 

14 elF3i MS U39067 

15 Lactate dehydrogenase A MS D0912661 

16 ~-Tubulin fragment MS AJ717320 

17 Tropomyosin 3 MS XM_860687 

a small change in amount due to increased synthesis 
rate might be difficult to detect by immunoblot against 
a background of the total polypeptide. Furthermore, 
the time periods investigated were short (6 h of cold 
shock, 5 h of recovery), which would make detection 
of small changes in the total amount of an abundant 
protein difficult by this method. An exception to this 
was the 0-subunit of the cytoplasmic chaperonin CCT. 
The level of this particular subunit was particularly 
sensitive to both hypothermic and hyperthermic stress 
(Fig. 7). Comparatively, significant changes in the 
levels of other subunits of this molecular chaperone 
were not detectable by immunoblot (data not shown), 
even though the synthesis rates of several changed 
during cold shock and/or recovery from cold stress 
(Table 1). 

mRNA degradation is also attenuated during cold 
stress in mammalian cells 

Quantitative real-time PCR (qRT-PCR) was used to 
ascertain the levels of mRNAs encoding selected pro­
teins for which synthesis rates changed in response to 
temperature variation. As it was unclear what would 
be a suitable mRNA to standardize the data to, the 
data shown in Fig. 8 have been standardized to the 
respective values at 37 or 27 °C. The mRNAs moni­
tored showed appreciable degradation rates at 37 °C 
but were found to be more stable at 27 °C. This agrees 

Cold stress 
(OC) Recovery at 37 °C from (°C): 

m(Da) pl 27 32 4 10 20 32 

83 811 6.38 NC J. t t t NC 

73 970 5.87 NC NC t NC t t 
70 989 5.24 t J. t t t t 
63 158 6.40 t NC NC NC NC NC 

64 705 6.72 NC NC J. NC NC J. 
59 600 5.43 NC NC t J. NC t 
60 339 5.71 NC J. NC NC NC NC 

58 100 8.24 NC NC NC J. J. NC 

61 122 5.83 NC J. t NC NC t 
57 217 5.98 t NC t NC t t 
57 753 5.91 NC J. J. NC J. NC 

50 095 4.78 t t t NC NC t 
42 087 5.30 t NC t t t t 
36 878 5.38 NC J. NC NC NC t 
36 781 7.01 t t t t NC t 
28 874 4.86 NC J. NC J. NC NC 

24 918 4.88 NC t NC NC NC J. 

with a previous study [8] showing increased mRNA 
levels at reduced temperature, although the study did 
not analyse synthesis rates. We note further that the 
more labile a specific mRNA is at 37 °C, the greater 
are the changes observed in its levels during exposure 
to, and recovery from, cold stress. 

Recovery of cold-stressed cells at 37 °C does not 
induce a full classical heat shock response 

It has been reported that rewarming cold-stressed cells 
of human origin at 37 °C initiates a heat shock 
response [16]. Although we also observed that the syn­
thesis rates of several constitutively expressed heat 
shock proteins increased during recovery from hypo­
thermia, these changes were rather modest when 
compared with the changes in synthesis rates of these 
same proteins during recovery from a classical heat 
shock (hyperthermia; Fig. 9A). Furthermore, upon 
recovery from heat shock, an increase in the total 
amount of heat shock proteins could be detected by 
immunoblot (Fig. 7). Interestingly, Hsp72, which is 
strictly inducible in rodent cells [17], was not detectable 
during cold stress or recovery, even though it was 
clearly induced in the same cells during their recovery 
from hyperthermic heat shock (Fig. 7, arrowed, 
Fig. 9A). These observations suggested that the 
increased expression of constitutive heat shock proteins 
during recovery from cold stress might be regulated by 
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Fig. 6. The half-life of proteins is increased upon exposure to mild 

cold stress. CHOK1 cells maintained at 37 or 27 °C were then 

exposed to growth medium containing 50 µg·ml- 1 cycloheximide. 

At the indicated times, cells were extracted, and 20 µg of protein 

was resolved by SOS/PAGE, and then detected either by Coomas­

sie stain (upper panel) or by probing immunoblots for the indicated 

proteins (lower panel). Molecular mass markers as in Fig. 4. 

a different mechanism from that involved during a 
'classical' recovery from heat shock, during which the 
inducible form of Hsp70 is robustly expressed. 

Transcription of inducible heat shock genes is acti­
vated by the binding of heat shock factors (HSFs) to 
heat shock elements in their promoter-proximal 
regions [18,19], the best understood being that of 
HSFl. In unstressed cells, HSFl exists as a constitu-

A. Roobol et al. 

Grp75 

hsc73 

hsp72 

hsp60 

CCT0 

37 6 h cold shock at 6 h cold shock at 1 h x 43 
4 10 20 27 4 10 20 27 then 37 
No recovery then 5 h x 37 0.5 h 5 h 

Fig. 7. Marked changes in synthesis rate do not correlate with 

large changes in overall amounts of relatively abundant proteins. 

CHOK1 cells maintained at 37 °C, or exposed to the indicated tem­

perature changes, were extracted, and 20 µg of protein was 

resolved by SOS/PAGE and then detected by Coomassie stain (A) 

or by probing immunoblots for the indicated proteins (B). 

tively phosphorylated monomer in the cytoplasm, but 
during heat stress, HSFl undergoes trimerization [20] 
and becomes hyperphosphorylated [21]. It is this 
hyperphosphorylated, trimeric form that accumulates 
in the nucleus and binds to heat shock elements, 
thereby activating transcription [21]. Figure 9B shows 
the basal level of constitutive phosphorylation of 
HSFl determined using immunoblots of HSFl in cell 
extracts prepared in the presence of protein phospha­
tase inhibitors (Fig. 9B, as a cluster of bands ~ 85-
90 kDa). The hyperphosphorylation occurring during 
heat shock could also be readily demonstrated 
(Fig. 9B). Cold shock produced a much more subtle 
change in the HSFl banding pattern, evident immedi­
ately after cold shock and then slowly returning to the 
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Fig. 8. Specific mRNAs are longer-lived at 

27 °C than at 37 °C. (A) CHOK1 cells main­

tained at 37 °C (squares) or 27 °C (dia­

monds) were then exposed to growth 

medium containing 2 µg·ml- 1 actinomy-

A hsc73 

0.1 

hsp60 

0.1 

ERp57 

0.1 

The cold stress response in mammalian cells 

I 

.T 

i 
I 

cin D at the same temperatures. (B) CHOK1 

cells maintained at 37 °C or held at 27 °C 

for 6 h without or with a recovery period 

(crs, cold shock recovery) at 37 °C for 1 h or 

5 h. At the indicated times, total RNA was 

extracted from the cells and the indicated 

mRNAs were quantified by qRT-PCR. Data 

are normalized to the initial mRNA content 

at 37 or 27 °c. 

0 lb 2h 4h 6h 
Actinomycin D exposure time 

37° 27° csr csr 
lb Sh 

constitutive pattern during a subsequent 5 h recovery. 
This cold shock-induced phosphorylation change in 
HSFl was more pronounced with increasing hypother­
mia, and was most evident in the very cold-sensitive 
Pl9 cells. 

Trimerization was assessed by chemical cross-link­
ing analysis, using ethylene glycol bis(succinimidylsuc­
cinate), to stabilize the trimer for SDS/PAGE 
resolution prior to immunoblot detection of HSFl. 
Heat shock-induced trimerization of HSFl, i.e. the 
hyperthermic response, was extensive, so that imme­
diately after heat shock, almost all HSFl was in the 
hyperphosphorylated, trimeric form (Fig. 9C, lower 
panel). In contrast, little trimeric HSFl was evident 
immediately after cold (hypothermic) shock, and only 
modest amounts were present during recovery from 

this cold stress, even though the synthesis rates of 
constitutive heat shock proteins were increased at 
this time. Once again, although this response was 
stronger in the most cold-sensitive cell line, Pl9, it 
was still weak in comparison to that observed upon 
heat stress. These findings collectively suggest that 
the recovery from cold stress, at least in rodent cells, 
does not initiate a classical heat shock response, and 
that any response initiated through HSFl is com­
paratively weak or restricted in comparison to a 
classical heat shock response. 

Discussion 

Here we report changes in the cellular architecture, 
and the synthesis and degradation rates, of specific 
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C 37 4 4-37 4-37 43 43-37 43-37 37 4 4-37 4-37 43 43-37 43-37 

Fig. 9. A classical heat shock response is 

not initiated upon recovery of cold-stressed 

cells at 37 °C. (A) Proteins extracted from 

CHOK1 cells that had been maintained at 

37 °C, or held at 27 °C for 6 h and then 

transferred to 37 °C for 5 h (cold shock 

recovery), or held at 43 °C for 1 h and then 

transferred to 37 °C for 5 h (heat shock 

recovery), and then radiolabelled for 

proteins in mammalian cells subjected to both mild 
and severe cold stress, and during recovery from hypo­
thermic shock. Collectively, they help to define the 
specific cellular responses and protein players during 
cold stress and recovery. The changes identified here in 
the synthesis and turnover rates reveal that adapta­
tions are easy to miss when comparing total protein 
levels monitored either by densitometry-based studies 
(typically, global proteomic 'snapshot' studies) or by 
immunoblot. Our studies have shown that subphysio­
logical temperatures induce specific changes in synthe­
sis rates for proteins involved in a wide spectrum of 
cellular activities, including energy metabolism, cyto­
skeletal organization, protein synthesis, purine biosyn-

a further 1 h at 37 °C, were resolved and 
detected as in Fig. 5. Only the area includ­

ing Grp75 (spot 2) to actin (spot 14) is 

shown; the spot numbers refer to the pro­
teins listed in Table 2. Hsp72 is arrowed. (B) 

An immunoblot of proteins extracted from 

CHOK1 cells maintained at 37 °C, or held at 

4 or 27 °C for 12 h, or held at 43 °C for 1 h, 

with or without subsequent recovery at 
37 °C for 0.5 h or 5 h, probed for HSF1. (C) 

lmmunoblots of SOS/PAGE resolutions 
(upper panels) or of nondenaturing gel reso­

lutions (lower panels) of proteins extracted 

from CHOK1 and P19 cells maintained at 

37 °C, or held at 4 °C for 6 h, or held at 

43 °C for 1 h, with or without subsequent 

recovery at 37 °C for 0.5 h or 5 h, probed 

for HSF1. Trimerization of HSF1 upon rec­

overy from cold stress is indicated by an 

asterisk. CS, cold stress; HS, heat stress. 

thesis, secretion and, most particularly, molecular 
chaperone function. 

Representative molecular chaperones from three 
intracellular compartments, the cytoplasm, the mito­
chondrion, and the ER, were all detected as part of 
the adaptive changes of cells exposed to mild hypo­
thermia and, more especially, in cells recovering from 
this state. It is of particular interest that the synthesis 
rates of the cytoplasmic molecular chaperones Hsc73 
and HOP/p60, and of the ER chaperone ERp57, were 
increased upon cold stress at 27 °C but not at 32 °C. 
The strength of hydrophobic interactions decreases 
with decreasing temperature, and so higher orders of 
protein structure become less stable at subphysiological 
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temperatures [22]. Thus, at 27 °C, this must become 
problematic and generate unfolding of existing proteins 
and/or compromise the folding of newly synthesized 
proteins, as appreciable protein synthesis is still taking 
place at this temperature. Furthermore, as protein 
degradation becomes undetectable at 27 °C, the cell 
responds to the unfolded protein load by increasing 
the synthesis of selected molecular chaperones to 
sequester unfolded proteins until more favourable con­
ditions, including revival of turnover apparatus, are 
restored. 

Rapid recovery of protein synthesis capacity upon 
rewarming after cold stress would be expected to 
increase the requirement for molecular chaperones 
involved in protein folding, particularly in the cyto­
plasm. However, we also observed increases in the 
synthesis rates of chaperones in the mitochondrion and 
the ER after restoration to normothermic conditions. 
This will undoubtedly be, in part, a response to the 
overall increase in protein synthesis activity, but the 
fact that two of these chaperones, Grp75 and ERp57, 
are redox-sensitive chaperones indicates that the 
resumption of metabolic activity upon rewarming 
increases the free radical load on the cell, as might be 
expected. As the synthesis of the mitochondrial chaper­
ones did not increase during cold shock at 27 °C, this 
further supports the idea that it is a change in the 
redox state upon rewarming that is the main stimulus 
for the increased synthesis rate of the mitochondrial 
chaperones during recovery from cold stress. 

During recovery from cold stress, we also detected 
increased synthesis of several constitutive heat shock 
proteins but not of the classical heat shock protein, 
inducible Hsp72. Kaneko et al. [23] also reported no 
increase in Hsp72 mRNA upon rewarming NIH 3T3 
cells from 32 to 37 °C. Earlier studies using human cell 
lines did detect increased amounts of Hsp72 upon rew­
arming after cold shock [16]. An explanation for this 
discrepancy is that in human cells, Hsp72 is constitu­
tively expressed, whereas in rodent cell lines it is 
strictly inducible [17]. It would appear, then, that the 
heat shock proteins induced during recovery from cold 
stress are the constitutive heat shock proteins, not the 
strictly inducible ones. Specifically with regard to heat 
shock protein induction, our findings show that the 
HSFl activation process during recovery from cold 
stress is different from that induced during the classical 
heat shock response. The degree of HSFl hyper­
phosphorylation varies from robust in the normal heat 
shock response to only a partial response as reported 
here for cold shock recovery, but also following expo­
sure to certain antimicrotubule drugs used in cancer 
chemotherapy [24]. Under these latter circumstances, 

The cold stress response in mammalian cells 

not only HSFl hyperphosphorylation but also HSFl 
trimerization occurred at a reduced level, and only 
induction of the constitutive heat shock proteins 
Grp75 and Hsp60, not of inducible Hsp72, was 
detected. 

It is generally accepted that cold stress results in the 
attenuation of mRNA translation, although we show 
here that at mildly hypothermic temperatures (27 and 
37 °C), protein synthesis is active, although reduced, 
and that both the banding pattern and relative intensity 
of polypeptides synthesized at these lower temperatures 
remain very similar to those observed at 37 °C. Transla­
tion is a tightly controlled process, modulated greatly by 
the ( de )phosphorylation of key initiation and elongation 
factors. Previous studies have shown that mutant initia­
tion factors can elevate the effects of such a slowdown 
in mRNA translation upon cold stress [25]. Here, we 
observed that cold stress at 32 °C results in reduced 
levels of newly synthesized eIF3i, a subunit of initiation 
factor 3. Upon recovery, this is reversed and eIF3i levels 
are increased. Although eIF3i is essential for mRNA 
translation in vivo [26-28], it is not essential for the 
reconstruction of initiation complexes that can scan and 
find the AUG start codon [29]. Therefore, its role in vivo 
is likely to be related to regulation of initiation. Further­
more, overexpression of eIF3i has been shown to be 
associated with increased cell proliferation, an acceler­
ated cell cycle, and an increase in cell size, whereas the 
knockdown (by RNA interference) of eIF3i resulted in 
the reverse of these effects [30,31]. These opposing con­
sequences of eIF3i knockdown or overexpression are 
mirrored in the observations here of the cellular 
responses to cold stress at 32 °C and recovery, respec­
tively. It is therefore likely that eIF3i plays a pivotal role 
in directing cell growth and proliferation upon cold 
stress and subsequent recovery. 

It has been reported elsewhere that cells cultivated 
under mildly hypothermic conditions undergo cell cycle 
arrest, predominantly in G 1, but also in Gi/M [32], and 
it has recently been suggested that this is in part due to 
expression of the RNA-binding cold shock proteins Cirp 
and Rbm3, as their overexpression under normothermic 
conditions can lead to cell cycle arrest [9]. Previous 
reports, however, have shown that p53-deficient mam­
malian cells do not show cell cycle arrest at mildly hypo­
thermic temperatures [33,34], and that at 4--20 °C, p53 
induces p21 (WAFl) expression [34]. Our results sup­
port this mechanism of p53-mediated cell cycle arrest. 
p53 in CHOKl cells has a point mutation that confers 
unusual stability on this protein and prevents these cells 
undergoing a normal response to DNA damage, i.e. 
induction of p21 and consequent cell cycle arrest in G 1 

[15]. Nevertheless, during mild cold stress, we observed 
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an increase in the level of p53 in CHOKl cells, a change 
in p53 isoform pattern due to post-translational modifi­
cation, and induction of p21 expression. Furthermore, 
re-entry of cells into the cell cycle upon return to normo­
thermic conditions could be mediated by the increased 
synthesis of Grp75 that we observed under these condi­
tions. Expression of Grp75 has a two-fold positive effect 
on cell cycle progression. When present in the cyto­
plasm, it sequesters p53 [35], thereby preventing entry 
into the nucleus and subsequent activation of p21 tran­
scription. Furthermore, p53 binding to the centrosome 
[36,37], which is inhibitory to centrosome duplication, is 
antagonized by Grp75 [38]. Additionally, Grp75 itself 
binds to the centrosome, thereby activating Mpsl pro­
tein kinase, the activity of which is essential for the initi­
ation of centrosome duplication [39]. Under this model, 
cell cycle arrest upon cold stress and then re-entry upon 
recovery is modulated and controlled via the balance 
ofp53 and Grp75 levels. 

Finally, our electron microscopy studies and Oil 
Red O staining show the presence of lipid-containing 
vesicle-type structures under conditions of severe cold 
stress. These vesicle-like structures may be the result of 
lipid material being secreted from the cell, or alterna­
tively, these vesicles may only be observed under severe 
cold stress because the membrane rigidity and/or 
membrane-associated cell functions are so severely 
compromised at very low temperatures that this results 
in the arrest of the vesicles before secretion, whereas at 
higher temperatures these are secreted efficiently and 
hence not observed. It is well known that cold stress 
results in membrane rearrangements [40], and changes 
in cellular lipids have been linked to the heat shock 
response in yeast [41]. More recent research has shown 
that changes in the lipid composition of the cell mem­
brane induce the phosphorylation of p53 by the 
ataxia-telangiectasia and Rad-3 related kinase [42], 
and we are now investigating whether cold stress­
induced cell cycle arrest is due to this ataxia-telangiec­
tasia and Rad-3 related kinase activation of the 
p53-p21 signalling pathway. 

In conclusion, we have here identified a number of 
mechanisms involved in the response of in vitro 
cultured mammalian cells to mild and severe cold 
stress, and in recovery from such stress. In addition to 
a global decrease in mRNA and protein turnover, the 
synthesis of specific proteins involved in regulating cell 
growth, proliferation and mRNA translation are 
upregulated or downregulated during cold stress and 
recovery. Furthermore, changes in the lipid composi­
tion of the cell may underpin these responses, espe­
cially upon severe cold stress. On the basis of the 
results presented here, we suggest that the cytoskele-

A. Roobol et al. 

ton, and the balance in the levels of p53, Grp75 and 
eIF3i, are likely to be of particular importance during 
the response to, and recovery from, cold stress that 
allows mammalian cells to survive and recover from 
low-temperature stress. 

Experimental procedures 

Cell lines, routine culture conditions, and 
treatment conditions 

CHOKl cells were sourced from the European Collection 
of Cell Cultures and P19 cells from P. Andrews, University 
of Sheffield, UK. Cells were routinely cultured in 
DMEM/F12 (Invitrogen, Paisley, UK) supplemented with 
200 mM L-glutamine, 500 µM glutamic acid, 500 µM aspara­
gine, 30 µM adenosine, 30 µM guanosine, 30 µM cytidine, 
30 µM uridine, 10 µM thymidine, 1 % nonessential amino 
acids (Invitrogen, Paisley, UK), and 10% (v/v) heat-inacti­
vated fetal bovine serum (PAA Laboratories Ltd, Yeovil, 
UK) at 37 °C in a 5% CO2 atmosphere. NIH 3T3 cells 
were also sourced from the European Collection of Cell 
Cultures and maintained as above, except that DMEM was 
used in place of DMEM/F12. For radiolabelling, the 
routine maintenance media were replaced with cysteine/ 
methionine-deficient DMEM (Sigma-Aldrich, Poole, UK) 
supplemented with 10% (v/v) dialysed, heat-inactivated 
fetal bovine serum, 2 mM glutamine and 1770 kBq·mL-1 

Pro-Mix L-[3 5S] cell labelling mix (GE Healthcare, Chalfont 
St Giles, UK), and then incubated for 1 h at the indicated 
temperature. Uptake and incorporation of the 35S-labelled 
amino acids was as previously described [43]. Cold shock 
was undertaken in routine medium for 6 h or 30 h at 4, 10, 
20, 27 and 32 °C in appropriately regulated incubators. 
Heat shock was also undertaken in the routine culture med­
ium for 1 h by flotation in a water bath at 43 °C. Treat­
ment of cells with the antimicrotubule drug nocodazole was 
performed in routine medium at 1-3 µg·mL- 1 for 2 h at 
37 °C. Recovery incubations were undertaken in routine 
culture medium at 37 °C for 0.5, 1.5 and 5 h. For the deter­
mination of mRNA half-lives, cells were incubated in 
routine culture medium containing 2 µg·mL- 1 actinomycin 
D. For protein half-life determinations, cells were incubated 
in routine culture medium containing 50 µg·mL- 1 cyclo­
heximide. 

Extraction of RNA and protein from cell pellets 

Total RNA was prepared from intact cells using the com­
mercially available RNeasy kit (Qiagen). Cell extracts for 
protein analyses were prepared by lysing cells into ice-cold 
extraction buffer [20 mM Hepes/NaOH, pH 7.2, containing 
100 mM NaCl, 1 % (w/v) Triton X-100, protease inhibitors 
(10 µL·mL- 1 leupeptin, 2 µg·mL- 1 pepstatin, 0.2 mM phen-
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ylmethanesulfonyl fluoride) and protein phosphatase inhibi­
tors (50 mM NaF, 1 mM activated Na3VO4)]. Cell lysates 
were then centrifuged at 16 000 g for 2 min at 4 °C, and 
the resulting supernatants were retained for further analy­
sis. For the determination and detection of HSFl trimer 
formation levels, cell extracts were cross-linked with ethyl­
ene glycol bis(succinimidylsuccinate) (Sigma) at room tem­
perature for 30 min, and then blocked with 50 mM 
Tris/HCl (pH 7.5) at room temperature for 15 min. 

Gel electrophoresis analysis of protein extracts 

For SDS/PAGE analysis, 10% separation gels were uti­
lized according to the procedure of Laemmli [44]. Prior to 
NEPHGE-SDS/PAGE, the proteins in cell extracts were 
precipitated overnight with four volumes of acetone at 
-20 °C. Following NEPHGE-SDS/PAGE, resolved 
proteins were detected by Coomassie staining and/or 
autoradiography using Hyperfilm MP (GE). Gel images 
were analysed using the commercially available 
PROGENESIS PG200 software package (Nonlinear Dynam­
ics, Newcastle-upon-Tyne, UK) to determine spots that 
had changed in abundance. Spot detection was under­
taken using the spot detection wizard with the parameters 
set as follows: minimum spot area, 16; split factor, 7; 
peak location, use centre of mass as peak. Manual split­
ting of nonsplit spots and deletion of noise were then 
undertaken. Following spot detection, background sub­
traction was achieved using the mode of nonspot option 
with a margin of 45. In-gel tryptic digestion of excised 
spots and protein identification by MALDI-TOF MS were 
undertaken according to Smales et al. [45]. Analysis was 
undertaken on triplicate biological samples, and only 
spots whose abundance was changed at the 95% confi­
dence level (P < 0.05) relative to the 37 °C control were 
considered to show significant changes in polypeptide syn­
thesis rates. 

Determination of mRNA levels by qRT-PCR 

qRT-PCR was used to determine the relative mRNA levels 
of target genes using the commercially available BioRad 
iScript qRT-PCR kit according to the manufacturer's 
instructions, and the appropriate primers to amplify CHO 
sequences as listed in Table 2. All reactions were performed 
using a BioRad DNA Engine Chromo4 Continuous Fluo­
rescence Detector thermocycler (BioRad, Heme! Hemp­
stead, UK). Cycling conditions included a reverse 
transcription step by incubation at 50 °C for 20 min, 
followed by heating at 95 °C for 15 min. Sequentially, the 
target templates were amplified using 39 cycles (30 s at 
98 °C, 15 sat 55 °C). The fluorescence threshold value (Ct) 
was calculated using OPTICON MONITOR software (version 
3.1; BioRad). For normalization purposes, all levels were 
normalized to control levels at 3 7 °C. 

The cold stress response in mammalian cells 

Table 2. Primers used for qRT-PCR experiments described in this 

article. 

Name 

Hsc73F 

Hsc73R 

Hsp60F 

Hsp60R 

ERp57F 

ERp57R 

lmmunoblot analysis 

Sequence (5'- to -3') 

CGACAAGAAGGACATCAGCGAG 

GAATCGAGCACGGGTAATGGAG 

TGCTCATCGTAAGCCCTTGGTC 

TTCTCCAAACACCGCACCAC 

AACTACAGATTTGCACACACC 

CAGTATATACCACAGTTTTGTC 

PAGE-resolved polypeptides were transferred to nitrocel­
lulose using standard procedures, and then blocked with 
5% (w/v) nonfat milk in NaCVP; or for phosphoryla­
tion-dependent epitopes in 0.2% (w/v) Tween-20. Anti­
body probes against Ol-tubulin (TAT) and ~-tubulin 
(KMX) [46] were gifts from K. Gull (University of 
Oxford, UK), and the antibody 23c against STOP [13] 
was a gift from C. Bose and D. Job (Commisariat A 
L'Energie Atomique, Grenoble, France). Affinity-purified 
rabbit polyclonal antibodies against the C-termini of 
CCT subunits and against Hsc70 were as described 
elsewhere [47]. Commercial antibodies against Grp75 
(clone 30A5), Hsp60 (clone LK-2) and HSFl (rabbit 
polyclonal) were from Stressgen, antibody against p53 
(clone DO-7) was from Dako, and antibody against p21 
was from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Peroxidase-conjugated secondary antibodies were 
detected by enhanced chemiluminescence using Hyper­
film ECL (GE). Images were analysed using KODAK GEL 
LOGIC 100 imaging system software. The linearity of 
antibody response over the concentration range of target 
protein used is shown in Fig. S4. 

lmmunofluorescence microscopy 

For immunofluorescence microscopy studies, cells were 
grown on 13 mm glass coverslips and then fixed with 
methanol at -20 °C for 5 min, or with 4% (w/v) 
paraformaldehyde in NaCVP;; this was followed by per­
meabilization with 0.1 % (w/v) Triton X-100 in NaCVP;. 
Cells were rehydrated after methanol fixation for 5 min 
m NaCVP;. All coverslips were then blocked for 
15-30 min in 3% (w/v) BSA in NaCVP;. Incubation with 
primary antibodies diluted in blocking solution (TAT, 
1 : 100; anti-hsp60, 1 : 100) was performed overnight at 
4 °C. The appropriate secondary antibodies (anti-mouse 
tetramethyl rhodamine iso-thiocyanate; Sigma) were 
diluted 1 : 100 before use. F-actin staining with rhoda­
mine-phalloidin (Molecular Probes, Invitrogen, Paisley, 
UK) was achieved according to the manufacturer's 
instructions. Cells were counterstained with 4',6-diamidi­
no-2-phenylindole, and coverslips were then mounted in 
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Mowiol containing p-phenylenediamine as antifade. Cells 
were then examined under a Leica DMR fluorescence 
microscope, and images were captured with a Leica 
DC300F digital camera. 

Electron microscopy 

For electron microscopy cells, were grown at 37 °C or m 
the cold as described, and then fixed with 2.5% glutaralde­
hyde in NaCVP;, postfixed with 1 % osmium tetroxide, and 
dehydrated with a graded series of alcohols. After two 
changes of 100% ethanol, they were detached from the 
flasks by agitation in ethoxypropane, and then embedded in 
Agar Low Viscosity Resin. Sections were cut at 60-90 nm, 
stained with uranyl acetate and lead citrate, and examined 
in a Jeol 1230 transmission electron microscope (Jeol UK, 
Welwyn Garden City, UK) operating at 80 kV. Images 
were recorded with a Gatan Multiscan 600CW camera 
(Gatan UK, Oxford, UK). 
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The following supplementary material is available: 
Fig. Sl. The small vesicles associated with severely 
cold-stressed cells do not stain for protein or RNA but 
do stain for uncharged lipid. 
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Fig. S2. (A) Mild hypothermia does not initiate apop­
tosis in CHOKl or Pl9 cells. (B) Mild hypothermia is 
not associated with acetylation of p53. 
Fig. S3. Protein synthesis in Pl9 and 3T3 cells exposed 
to, and recovering from, cold stress. 
Fig. S4. Antibody response to a concentration range of 
proteins identified by immunoblot. 

This supplementary material can be found in the 
online version of this article. 
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the content or functionality of any supplementary 
materials supplied by the authors. Any queries ( other 
than missing material) should be directed to the 
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Supplementary FIGURE 51. The small vesicles associated with severely cold-stressed cells do not

stain for protein or RNA but do stain for uncharged lipid. CHOK1 cells, growing on 13 mm glass

coverslips, were maintained at 37°C or transferred to 4°C for 6 h prior to fixation with -20°C

methanol, then left unstained (phase contrast) or stained with 0.1% (w/v) Coomassie blue (3250 in

50% methanol-10% acetic acid, or with 0.5% (w/v) cresyl violet acetate in H20, both for 2 min or with

a saturated solution of Oil Red 0 in 60% (v/v) isopropanol for 10 min, before washing with

phosphate buffered saline or, in the case of Oil Red 0, first with 60% isopropanol and then with

water. Arrows point to the vesicles observed at 4°C. Bar = 10 um.
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Supplementary FIGURE S2. (A) Mild hypothermia does not initiate apoptosis in CHOK1 or P19 cells.

Cells were maintained at 37°C for 24 h then transferred to the indicated temperatures. At the

indicated times, cells were washed once with PBS then lysed into SDSrPAGE sample buffer. Lysates

were passaged 6 times through a 19 gauge syringe needle then held at 100°C for 2 min.

lmmunoblots of 20 pg samples resolved over 10% resolution gels were probed with anti-PARP rabbit

polyclonal (Stressgen AAP-250). Note: Early apoptosis is characterized by the appearance of an 85

kDa cleavage product of PARP which is absent in the blots. (B) Mild hypothermia is not associated

with acetylation of p53. lmmunoblots of cells treated as in (A), or extracted into a buffer containing

the deacetylase inhibitors trichostatin A (1 uM) and nicotinamide (5 mM, not shown) were probed

for acetylated p53 (Cell Signaling #2570). Note: Increased acetylation of p53 was detected as cells

became confluent as exemplified by the later time points for cells held at 37°C and 32°C.

Supplementary FIGURE 53. Protein synthesis in P19 and 3T3 cells exposed to, and recovering from,

cold-stress. Cells maintained at 37°C, or then exposed to the indicated temperatures for the

indicated times, were radiolabelled in a methionine—cysteine deficient growth medium

supplemented with 1770 kBq/ml [355] methionine—cysteine cell labelling mix for 1 further hour at the

indicated temperature. 30 pg of extracted proteins were resolved by SDS-PAGE and detected by

autoradiography. MW markers were 205, 150, 100, 75, 50, 37, 25, 20 and 15 kDa.

Supplementary FIGURE S4. Antibody response to a concentration range of proteins identified by

immunoblot. (A) 30 — 1 pg of proteins extracted from CHOK1 cells were resolved by SDS—PAGE and

detected by immunoblot with the indicated antibodies. (B) shows the densitometric analysis of the

data in (A).
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786 fenestrated membrane 

F£NNEL 

Fennel (Foeniculum uulgare). 
(USDA) 

" 

fenestrated membrane [HJSTOL) One of the layers of elas­
tic tissue in the tunica media and tunica intima of large arteries. 
( 'fen·:i,strlid·:id 'mem,brlln I 

fenestration (ARCH) The arrangement of openings, espe­
cially windows, in the wall of a building. [BIOL) 1. A trans­
parent or windowlike break or opening in the surface. 2. The 
presence of windowlilce openings. I ,fen•;'strll·sh;m } 

fenltrothlon [ORO CHEM) ~H12N05PS A yellow-brown 
liq11id, insoluble in water; used as a miticide and insecticide 
for rice, orchards, vegetables, cereals, and cottoo, and for fly 
and mosquito control. { ,fen·.1·tr0'thl,lln } 

fennel [BOT] F~niculwn vulgart. A: tall perennial herb of 
the family Umbelliferae; a spice is derived from the fruit. 
I 'fen·.11 I 

fennel oll [MATER) The essential oil obtained from fennel; 
a colorless liquid with aromatic scent and bitter taste, insoluble 
in water and boiling at 160-220°C; used in medicine, perfu'mes, 
and liqueurs. Also known as oil of fennel. ( 'fen·:il ,6il } 

fen peat See low-moor peat. I 'fen ,pet } 
Fenske equation See Fenske-Underwood equation. ( 'f~n-
1sk'i!,i,kwli·zh:m} 
Fenske-Underwood equation [CHEM ENG) , Equation in 
plate-10-plat,e di_syllatiqn-colu11111 calculations relating the n\1111• 
ber of theoretical plates needed at total reflux to overall relative 
volatility and the liquid-vapor composition ratios on upper and 
lower plates. Also known as Fenske equation. ( :ren•ske 
'.1n·d.1r,wud i,lcwll·zh:m } 

fenster See window. ( 'fen·st;r} 
fensulfothlon [ORG CHEM) C11H17S20 2P A brown liquid 
with a boiling point of 138-141°C; used as an insecticide ahd 
n~ticide 1n soils. { ,fen,s;l•fo'thI,iin } , 

fe~nacetate [ORG CHEM) Cwff1i02Sn · A yellow to 
brown, cry~llllline solid that melts at 124-125°C; us~

1
as a 

fungicide, molluscicide, and algicide for early and late lilighj 
on·potatoes,. sugarbeets, peanuts, and coffee. Also'known-as 
triphenyltinacetate. ' { ,fent·:in'as·.1,tllt } ' 

fenuron [ORG.CHEM) ~ 12N20 A white, crystalline com­
~ und wjth a meltjp,g P,Oi!Jt of 133-p~•c; soluble

0

,i!l ,Y;~te!; 
· used as ll berbicitle to kiJl·wecds and bushes. { ;fen'yu,riln} 
fenuron-TCA . [ORO CHEM] · C 11H11CiJN20 3 ' A white, crys-
talline compound with a melting point'of 65- 68°C; moderately 
soluble in water; used as ·a herbicide for noncrop areas. (',fe'n: 
'yu,rin :ie:st:li } 1

" I 

FEP resin see· fluorinated ethylene propylene resin. I :er,e:pe 
•ret•an f ., 1 ir•. ' 1 ~ ', 

ferbam ' [ORG CHEM) ~H11FeN3S6 [iron(IIl) dimethyldithio­
carbamate] A fungicide for protecting fruits, vegetables, mel-
ons, and ornamental plants. ( 'far·b;m l • 

ferberltllf•· (MINER4) FeNO, :•~ t,Jack mineral of the woi-
framite solid-solution series occuning as monoclinic, prismatic 
crystals and' having a· submetallic lusler; hardness is '4.5 on 
Mohs scale. and specific gravity js 7.5.' ( 'f:wb.1,m} · 

ferghanlte [MINERAL) UJ(VO,h·6H20 Sulfur-yellow 
niineral-comp6sed'of hydraied uranium vanadate, occurring in 
scales. { far'gk,nn} ,·, ' ·' 

fergusonlte [MINEIW!) Y20,·(Nb,Tah 0 s Brownish-
black rare~arth mirteral with a tettagonal crystal form;'i t ' is 
isomorpbous with formanite. I 'far·g.1·s:>,nit } 

Fermat numbel's [MATH) The numbers of the form F. = 
(2<21'>) + ·1 for n = 0, I, 2,.... I 'fer·ml! ,n:im·b:irz} 

Fermat's last theorem iMATH) The proposition, proven·in 
1995, that there are no positive integer solutions of the equation 
X' + y' = t' for n <!: 3. ( fer'ml!z :1as1 'thir·:im } 

Ferrnat01·pr1nclple [omcs] The principle that an electro­
magnetic wave will take a path that involves' the least travel 
time when propagating between two· points. Also known as 
least-time principle; stationary time principle.' { fer'mliz 'prin· 
s:i•p;I J ! 

Fermat's splral [MAm] A plane curve· whose equation in 
polar coordinates (r,8) is ,2 =a20: where a is a constant. ( fer' -
mllz ,spI·r;l•} 

Fermat'!!. theorem [MAm) · The proposition :that, if p is a 
prime number and a is a positive integer which is not divisible 
by p, ,then aP- 1 - I is divisible by p. I 'fe~,mliz ,thir·:im } 

ferment [BtOCHEM] An agent that can initiate fennentation 
and other metabolic processes. ( :fat,ment l 

fermentation [MlCROBIO] An enzymatic transfonnatioo of 
organic;substrates, especially ciµbobydrates, generally accom­
panied by the evolution of gas; a physiological counteiyart of 

Fermi hole 

. . certain organisms to live and grow in the 
oxidation, perrruttmg . various industrial processes for the 
absence of air; used in ch as alcohols acids, and cheese 

f of products su • . 
manu acll:'re molds and bacteria; alcoholic fermenta-
by the acuon ofyeknoasts• ~pie Also known as zymosis. 
lion is the best- wn ex · 
I far•m;n'tll·sh:in } th peed 

fe~entatlon accelerator [MATER) Substance . ~t s_ . s 
. . (as for wines) without paruc,paung in 

chemical fermentauon th 
. h . 1 changes. can be an enzyme or o er 

the resulung c erruca • , } 
catalytic aeent. I ,far•m~n'tll·sh.1n ale sel·:>,rlld•:ir. . 

I tube [MICROBIO) A culture tube with a veru-
fermentat on • oth 1 b 

I closed arm to collect gas fonned in a b~ cu ture y 
:croorganisms. I ,far•m3n'tll·sh:in ,IOb } · . 

fermenter (FOOD ENGj A vessel u~ for fe~nung. such 
as a vat for fermenting mash in brewing. { far ment·:ir } 

ferment oll [MATER) A volatile ?ii formed by the fe_m.ienta­
tion of plant material in which the OIi was not present onginally. 

( :fat,ment ,6il } 
ferml See femtometer. · ( 'fer•me l . 
Fermi age [NUCLEO) 1 The value calculated for_the sl?wing­
down area in the Fermi age model; it has the dimensions ~f 
area, not time. Also known as age; neutron age; symbolic 

age of neutrons. { ' fer•rrie ,aj ) . . . 
Fermi age equatiQn [NUCLEO) An eq~auon in the F~mu 
age model which states th~t the _La~lactan of the . slowing­
down density equals the partial der:ivauve of ~e_slo~g~dow~ 
density with respect to the Ferrru age. I fer·inl! ,llJ 1,kwli 

zh~} • 
Fermi ag, model (NU~O] A ~odel ? ~ed in_ Sl_l:l~yin~. the 
slowing down of neutrons by elasuc collis1ons; 1t 1s_.assumed 
that the slowing down takes place by a very large num_!Jer of 
very small energy changes. ' I 'fer·me ,aj ,mlld·:il ] 

Fermi beta-decay theory [NUC PHYS) Theory jn which 'a 
nucleon source current interacts with an electron-neutrino field 
io pro4uce beta decay, in a manner analogous to the interaction 
of an' ~Jectric current with an electromagnetic field during the 
emission of a photon of electromagnetic radiation: I 'fer•me 
:bad·:i di:kll ,thN·re } ' ''• . 

Fennl, constant (NUC PHYS) A universal constant, intro, 
duce~ in beta-disintegration theory, that expresses the strength 
of, ihe interaction between the transfon_ning ,nucleo~ 8.Jld the 
electron-nwtrino field. { 'fer•.me ,klln·st:int ) . 

Fermi derivative [RELAT). i\ generalization of covariant dif­
,ferentiai:ion along a curve t!iat red_uces'to covariant diffe:_rentia~ 
-~ori \If Pe~ ~the ~ury~. is g«:pd~~ic; 'an, orthonqrmal tetrad 
constructed at each point along a: timelike curve such that the 
Fermi derivative of the tetrad along the:curve is zero has (I) 
its timelike basis vector equal to the curve's "unit tangent vector 
and (2) i~ spj11}.al b~is vectors noru-qtating ~along the curve. 
I '.fer·!Pe d:i,tjv·.xl·iv } . ' 1 

• ,· . 

Fermi-Dirac distribution function [STAT MECH) A function 
~pecifying. ,the,_p"?babiliiy that a member of an assembly qf 
independent felll\!ons, such as -electrons in a semiconductor 
or ~.et";', \"ill _occupy a' ~ n energy sta~~hen thermal 
equilibnum, eXJsts. { lfer·me di:ra1c., dis·tr:i'byU·sh:>n faok· 
sb:>n I 1 ., ,, i' ; · ' " ·'· 

Feffl)I-Olrac 911 See Felllli gas. t :fer·me iµ:niic , ,~as ) .. · 
Ferml-Olrac ·'"tl~tlca [~AT j ME~) The · stati~!ifs of an 
~!'1bly br 1den? cal ~-mteger spm particles; such particles 
~ave ~ave funcuon_s anusymmetrical with respect to particle 
~ter<:bange-an~ sausfy, the Pauli exclusion principle,1 { 'fer· 
me di:rak st:i'tts·tiks } . · • · 

Fermi dlstrl~utlon . [SOLID STATEi- , Dis~blltion of energies 
o~ el~u:on~ m ~ selD!~o~ductor or metal as given by the Fenni-
Dirac_ distnbuuon funcuon; nearly all energy_ levels below the 
Fenru level are filled,, and nearly all above this· lev I 
( 'fer-me ,djs·tr:1,bytl·shan } e are empty. 

Fermi ~nergy . [STAT _MECH) . 1, The average.. enugy of elec­
. trons m a_ metal, eq~ill to three-fifths of the-Fermi level 2 
Su .Femu levels I . fer· me• ,en ·:ir •je J • ,. ·• • 

Fermi gas [STAT MECH) ,An assembly of.1" d d ' 
1 th · be c • . n epen ent•p81'1l-

c es at o y remu-Duac,statistics and th i 
Pauli exclusion principle; this con~pt is u~ o~ obey the 
electron th~ry of metals and in one model o m the. free­
the nucleons in a nucleus. Also known ~ the _be~v1or of 
{ ' fer-me ,gas J .. , as ernu-Duac gas. 

Fermi hole [SOLID STATB] A regio~ . . ' -
in a solid in wbjch the energy band ~llrTOundin~ an electron 

eory Predicts that the 
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"following fermentation" but —— yeah, you're

 
asking me to ask what one word means. It's taken

 out of context.

Q So let's talk about the second term,

 
"fermentation," and I would direct you to

paragraph 48 of your declaration.

A Yes.

 Q You state that, quote, "In the —— the

ordinary meaning of 'fermentation' relates to

activities such as making beer or wine, in which

there is a chemical breakdown of a substance,

e.g. sugar, usually under anaerobic conditions, by

bacteria or yeast."

  
Did I read that correctly?

 
Q Is it your understanding that the Kao

 
patent relates to a process for making beer or

wine?

A It does not. 

Q Then why did you believe that was the

 
definition that was appropriate to apply in coming

up with your opinion in this case?

MR. GUTMAN: Objection; mischaracterizes

his declaration, mischaracterizes his testimony.

A The word "fermentation" is traditional,
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referring to the metabolic —— not just this but if

 
you want to Start with —— let's start —— getting

 down further, it has "metabolic breakdown." It

refers to the metabolism from an engineering

biological point of view, so it's —— it's talking

about that whole process.

And "fermentation" can be used —— to this

day it's —— it's referred to in making biofuels.
 

THE COURT RfiPORTfiR: 'm sorry.    
 

"Making" --
 

    THfi W 1 : 3iofuels," alternative
 

energy.

A (Continuing.) People will quite often use

the word "fermentation," but even then they get a

 
little iffy on what you're calling it.

So it is a firm and fast concept among our

community, and it's considered sloppy to call ——
   to even use -he -erm "cell" —— "fermentation" in

   
the cell culture world. It's like you're —— "Why

are you doing that? Call it 'cell culture.'"

  
Q In the context of making beer and wine,

what is the process of fermentation, just briefly?

  A I completely Stand by what's here. But

   
then to go the nex step, which I think you're

   
asking —— so I wan' to be on record that I agree
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with what's here.

And then go the step further, in the

traditional sense, it's in an anaerobic

environment. The sugars are broken down; the

organism gets its energy from that. The waste

products, instead of us, as humans, making —— just

using —— taking oxygen and making CO2, the

organisms are dumping electrons onto molecules

 
that then become ethanol, lactic acid, acetic

acid, all array of different compounds.

When we go out and exercise, don't get

oxygen in our body and our muscles ache,

anaerobic fermentation going on in our

That is —— they're making lac:ic acid.

  
Q So if " could simplify, it's the process

of the cells taking sugars and producing other

chemicals with them?

MR. GUTMAN: Objection; mischaracterizes

his testimony, asked and answered.

A Not other specific chemicals, very

specific chemicals.

Q So it's a process of cells breaking down

sugars and producing specific chemicals?

A That's right.

Q Okay.
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A Very specific. And the reason I say that,

it's the dream of many of my colleagues to be able

to do it better because we could solve our energy

problems.

So there's very specific chemicals these

organisms make, and we'd like them to be certain

kinds of fuels. So it's not a random thing

 
at all. It's very specific.

Q And while the cells are producing these

specific chemicals, are they growing?

A Yes, almost always.

There could be a few exceptions, but i

 
very much considered classified in my communi

a growth—associated produCt.

 
Q So in —— in the context of "fermentation"

as discussed in paragraph 48 of your declaration,

 
cells are both growing and producing; is that

right?

A That is correct.

MR. GUTMAN: Objection; vague, lacks

foundation.

 
Q Does the term "fermentation" have any

 
meaning in the context of antibody production?

  
A In a sloppy manner. It should be saying

"cell culture" because, bringing this back, you're
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growing the cells —— these are genetically

 
engineered cells to produce a specific product.

That engineering is what makes the antibody.

 Normal cells that make beer and wine or

make yeast don't make antibodies.

 
Q So " think "'Ve underStood your testimony
 

  to be that the term "fermentation" does have a

 
meaning in the context of antibody production but

 
it's a sloppy meaning. Is that right?

MR. GUTMAN: Objection; mischaracterizes

his testimony, asked and answered.

 
A If you get into the very —— again, the

fundamental definition of "fermentation" is as

  
wrote in here. It is the process anaerobically

by which sugars are converted to ethanol, lactic

acid, acetic acid, butanol, and it's a process by

which energy is generated by the organisms.

 
In an antibody production of CHO cells,

 
they are not getting any energy by making

 antibodies, none, zero. In fact, that's a drain

of energy. So it's a fundamentally different

metabolic process. Fundamentally different, not

comparable at all.

Q And let me ask my question a different
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If you could look —— I believe it's the

second sentence of paragraph 48 of your

declaration. You say, "'Fermentation' is not

typically used to refer to culturing mammalian

cells."

 Do you see that?

A Yes.

 
Q I want to ask you a couple questions about

that statement.

 
Is it your understanding that if a term

has multiple meanings, the person of ordinary

skill has to determine which one is most common to

figure out the ordinary meaning?

MR. GUTMAN: Objection; calls for a legal

conclusion, foundation.

A As someone skilled in the art, we're

immediately going to go, "Why is that —— why are

they using the word 'fermentation'"?

  
If read the patent —— which I did, as we

discussed at the beginning —— my first question

was, "Why are they saying 'fermentation'? Why are

 
they saying 'fermentation' in the claim?" Doesn't

 make sense to me. It adds indefiniteness, as

  
keep coming back to that concept. It made it

indefinite to me.
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But if you push me hard enough, I'm going

to have to say, "All right. They have —— they

have not defined it in the patent, but they do

have a clear statement saying, 'Following

 
fermentation prOteins are purified.'"

 
So now if I also go back to the

prosecution hiStory —— in fact, you could ma

   
argumen- that a- least one of the papers tha

examiner pulled was definitely much more in  
tradition of fermentation. And for Genentec

get their claim, they had to associate

fermentation with cell growth and the production

which was going on in those vessels. And so

Genentech then said "O<ay. We're going to use
   

word 'following fermen-a-ion' to —— to construc

 our claim around." And that meant after cell

growth.

So you just asked me a minute ago

 
"fermentation." That right there —— if I look at

the whole prosecution history, they're locking

fermentation into this more traditional View of a

metabolic process of taking a sugar or some

compound and breaking down, getting energy from.

CHO cells that are used —— and in Claim 10

of the patent we've got potential prokaryotes.
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It's not —— the patent is not just about animal

cells. Those prokaryote cells, when they make

antibody, they are using energy from sugar,

kicking off C02. They're nOt making ethanol.

 
They're —— you do not want ethanol when you're

doing those kind of cultures. You need oxygen.

  
So, again, when I read it, I go, "O<ay.

The fermentation here sounds li they're trying
    

to link it to the cell growth, that produCtion,

but definitely not making —— they're —— they're

definitely not making ethanol. They're nOt making

 
a prodict where they're dumping their eleCtrons 
onto it."

Q Thank you.

 
f noted in the sentence we just read that

 
you use the word "typically." You said

"Fermentation is not typically used to refer to

culturing mammalian cells"?

A Yeah.

Q So I take it that it's fair to say'
 

 "fermentation" sometimes is used to refer'

culture in mammalian cells.

MR. GUTMAN: Objection. Is —— is that a
 

question or ——

 Q Is that correct?

PLANET DEPOS

888.433.3767 | WWW.PLANETDEPOS.COM

Appx421

29

 
O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

03:"

03:"

O3:

O3:

O3:

O3:

O3:

O3:

O3:

O3:-

O3:-

O3:-

O3:-

O3:

O3:

O3:

O3:

O3:

O3:

O3:

 

 
2O

24

27

28

31

34

38

 
 

53

54

58

58

59

:02

-:O3

-:O4

-:O6

-:O7



Appx422

Case 1:18-cv-00924-CFC   Document 376-2   Filed 09/27/19   Page 64 of 96 PageID #: 28837Case 1:18-cv-00924—CFC Document 376-2 Filed 09/27/19 Page 64 of 96 PageID #: 28837

 
2O

21

22

23

24

25

Transcript of Jeffrey John Chalmers, PhD.

Conducted on February 6, 2019

MR. GUTMAN: -- or

A Sometimes.

 That's where

"sloppy" —— again,

words are precise

 And  sense.

 
say, "Tqat's sloppy. You 
because it's misleading.

else."

  

 

—— when

But we turn our nose up at

testimony?

Sometimes it's used.

 
I'm using the word

my community is not using ——

to us but not in the same legal

I'm nOt a lawyer.

that. We would

 
shouldn't say that

 It leads you somewhere

i have a PhD Student currently who —— who

 
is working with a contract manufaCturing

 
organization

 
and other things.

"Do you use the word 
tirned his nose up,

would not call it that.

process.

was recently there and I

tqey showed me their process,

'fermentation'?"

just as

that makes —— does biosimilar cells

 

 and I asked them,

And he just

 
I'm saying. No, we

 It's a cell culture

Q What are some of the times that

"fermentation" is used to

mammalian cells?

A Obviously, this pa'

why we're talking about i

Q Other than this pa

refer to culturing

:ent, '69, does. That's

 
:ent have you ever heard
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the term "fermentation" used for —— for culturing

mammalian cells?

A Very rarely.

 
And the Cell Culture Engineering Award

  
about is, which is dighlighted —— 4.

 
 

Why I keep highligh,ing tha- —— excuse me  
for my voice cracking —— it is —— this is —— this

meeting has been ongoing for 30 years. There's

really two meetings, that meeting and a European

 
meeting, where all of us —— most of us tlat work

 
in this field that do what I am talking about

 

here, we come every two years, and we discuss

all —— so much of this.

 
No one —— I mean, has it happened? Yeah.

  
In 30 years, every two years, I'm sure there's

 
been some. But Cell Culture Engineering —— that's

 
the name of the meeting. We speak of it as cell

culture. We don't have sessions on fermentation

of CHO cells, no. You wouldn't do it.

  
So that's why I say "typically." I'd

 
probably say it's rarely done. I'm sure if you

 
looked hard, you could find examples. But it's

not typical.

 Q But you have never personally used the

 
term "fermentation" to refer to culturing
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mammalian cells?

  
A I might have been sloppy once myself. But

 
the vast majority of the time I haven't. Yeah,

you can probably find somewhere in 30 years that

 I've used that word. Maybe.

 
Q The Cell Culture Engineering conference

you talked about earlier, are you involved in

running that conference in any respects?

A Yes.

Q How so?

 
A I chaired the meeting twice in the '90s ——

  well, cochaired it —— and I cochaired it

four years ago.

Q What were your responsibilities as chair

of the meeting? 
A Pic<ing the session chairs, picking the

location.

 
We have an advisory board. It's approving

that, in a sense, because, you know, there's a

 tradition of how that continues. So we —— we

agree with —— pick the leadership team of the

meeting itself wqo's overseeing the meeting, like

  
said, the l tion, the price, how much we're 

 
charging. It gets down into the weeds as much as

even menus .
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But more —— more globally here with our

 
scientific advisory panel, we'll figure out wha

 
the focus of the meeting, what are the importan

   
topics. I think this is really important.

  
made up of half academics, half industrialis

 
and we make a real goal of being in touch wi'

what the issues are.

 
Is this a prestigious conference?

Yes.

Are papers presented at this conference?

Pretty much so.

 
And I imagine it's hard to get your paper

presented at the cell culture conference.

A Very hard.

Q What is the screening process like for

papers presented at the cell culture conference?

  
A Well, to answer your question —— let me ——

let's go back for a second.

 
As of now it's very hard. If you go back

into the earlier days, the late '80s, not as hard.

 Because in the late '80s, it was a dream to see

cell culture be the way it is today. The —— the

market size was not anticipated.

As the market grew, got bigger and bigger,

then it became really prestigious and hard to get

PLANET DEPOS

888.433.3767 | WWW.PLANETDEPOS.COM

Appx425

33

 
O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O7

O7

O8:

O8:

O8:

O8:

08:"

08:"

08:"

O8:

O8:

O8:

O8:

O8:

O8:

O8:

O8:

O8:

O8:-

O8:-

O8:-

O8:

O9:

O9:

O9:

:50

:55

00

O2

O4

O8

 
2O

22

25

28

3O

31

33

36

38

 
58

OO

O3

10



Appx426

Case 1:18-cv-00924-CFC   Document 376-2   Filed 09/27/19   Page 68 of 96 PageID #: 28841Case 1:18-cv-00924—CFC Document 376-2 Filed 09/27/19 Page 68 of 96 PageID #: 28841

 
2O

21

22

23

24

25

Transcript of Jeffrey John Chalmers, PhD.

Conducted on February 6, 2019

a paper accepted.

 
So there's a progression. I want to get

that straight.

Q Okay.

A What other —— okay.

 
And —— so I probably didn't answer your

 
question. Go back, please. I wanted to back up

for a minute so ——
 

Q Yeah, I don't think —— don't think   
 

you did.

A So ——

Q My question was, what is the process for

getting a paper selected at the Cell Culture

 
Engineering conference?

 A As I mentioned, as a chair, as chair of

the meeting, we pick our cochairs.

 
We, in general, do not —— and I didn't

micromanage it —— so the ac:ual picking of the

 
papers are the responsibility of the cochairs ——

  
i mean, the —— sorry —— the session chairs. I've

 
got to make sure I get the word right. The —— the

session chairs.

 So we have —— I'm —— we have cochairs

that oversee it, then we'll have eight,

nine different sessions. We pick the chairs of
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the sessions, and those are usually an industrial

and an academic.

They —— we then have a call for papers.

They bring in people or they invite people as well

as we have a call for papers.

They sit down —— "they" being the session

chairs —— they decide. Very rare does a meeting

chairperson override the choices of the session

chairs. That would be a —— it might happen, but

 
that's basically implying you didn't do your job

of picking the proper session chairs.

So, you know, it's possible there could be

  
some sloppiness at -ha- point even.

  
In terms of terms being used, would we

 
override it on that? Probably not unless it was

really bad.

And, you know, we basically, after the

meeting, get our buddies together —— people we

trust —— and we ask, "Okay. Who did a good job

running the session? Papers good? Not so good?"

 
i was just in a meeting last week, did ——

we exaCtly did that. We got aside and said,

 
"Yeah, they shouldn't have invited these people.

That was not good."

Q And when you decide that a paper is good,
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is there a collection or anything done after the

conference of the best papers?

 A Yes. Not always. It's less ——

common now.

So in the early days there was. However,

the journal —— so they would be collected —— we

call them proceedings.

And as the years have gone by —— now ——

 
again, now I'm speaking purely as an academic

 
here, which you're expecting of me, but I want to

preface that that —— there's been a fundamental

 
change over the years that now people are really

worried —— researchers are much more worried about

the prestige of the journal.

So nowadays, the most recent decade, the

journals —— the collection —— a lOt of people 
elect not to do it, elect not to pit a paper that

   
they presented in-o these journals that are

 
proceedings because these were not considered

prestigious.

  
Q I see. But at the time that you were

 
cochairing the meeting in the '90s, it was still

prestigious to have your paper selected for

inclusion?

A To be selected for presentation is
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  Even then you'd opt out. If you had

a really great paper, you wouldn't put it in the

proceedings.

journal, which

peer review,

 

You would try to go for a great name

 
typically has better peer review.

But that's —— we can go down the road of

but that's a different —— I don't 

 
think we're here to discuss the merits of peer

review.

Q  No. I'm sure you could talk all day about

the merits of peer review.

A

Q

That's exactly right.

 I'm ——  
I'm going to hand you what's going

to be marked as Exhibit 63.

 

 

 
(Deposition Exhibit 63 marked for

identification and attached to the transcript.)

A

  M'

Q

 

  

W3. GUTMAN: Thank you.

WE. MC CLOUD: You're welcome. 

Do you guys want one?

  WS. GiTTfiL: Thanks.
 

 
Yep, I remember this meeting.

  This was one of the ones I hosted. You're

MC CLOU  

So just

exhibit titled

D:

so the record is clear, this is an

  
 

"Cell Culture Engineering V"," and
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take it from the statement you just made this is

the proceedings of the conference that you

 
cochaired. Is that right?

A Yes.

 
Q And I see your name is listed on the cover

here. What role did you have in putting together

this publication?

A Let me make sure.

This was one of the two meetings that

forget his title. 
don't —— you know,

 his title.

 

was cochairing with Rob Ara

 
:hoon, who was ——

He was at Genentech.

I'd have to go back and check

Q Okay. It says that you were one of the

  t correCt?

A Technically Mi

delegated it to Mike

it's the —— how do  

'tors of this publication on the cover page.

 

 
want call i

 

{e 3etenbaugh was. We

3etenbaugh and Alison. So

-'>

  
Protocol, the

 

 
as I mention d b for

etiquette a - the time would

Rob and I because we ran the meeting. And

these —— the people that were the editors ——

: d it. So we
 

 
, w d l ga

  
would delegate the authority to

chairs.

-hat, to the
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 Because to be presented here, you had to

to get a —— these are representative of

the papers that were presented, not all. 
Tiese were —— these had —— to be in here,

they had to be picked by one of the cochairs ——

  
i mean —— cosession leaders. I keep misspeaking

here.

So there's a co— —— there's a chair and

cochair on top, then we have session chairs. The

session chairs pick the papers that are presented.

The papers that are presented have the option

to —— to be published in this and get peer

reviewed.

And this journal is an example of what

 
said, that people don't let —— this is not 

considered that prestigious of a journal anymore

so nowadays people don't.

Q So the papers in this publication

selected by the session chairs ——

That's correct.

—— at the conference?

That's correCt.

 
Can you turn to page 19?

Yes.

Are you there?
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A Yes.

Q Okay. And you see there's an article

  entitled "Effects on Growth Behavior in Continuous

Hybridoma Cell Cultures: The Role of Viral

Contamination"?

 
Do you see that title?

A "Hybridoma Cell Cultures, the Role of

Viral Contamination," that's correct.

Q What is a hybridoma?

A Hybridoma is a fusion of an antibody—

producing cell with a type of cancer cell that

allows them to be immortalized.

Q And could you turn to page 20, please.

Are you on page 20?

 A I: am.

Q And you see there's a section entitled

"Materials and Methods"?

 Do you see that?

A Yes.

Q And under "Materia: nods" there's

  
a subheading for "Cell Cu: Do you see

that?

A Yes.

Q Okay. Could you read the first sentence

under the subheading "Cell Cultures" out loud,
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please?

A "The cell line used in the present study

was the rat—mouse hybridoma caltured in a

  
serum—free medium based on DMEM/Fl2" —— keep

reading? —— "with human transferrin and bovine

insulin. The amino acids were supplemented to

necessary concentrations."

Q Thank you.

A rat—mouse hybridoma, that is a mammalian

cell; is that correct?

A Correct.

 Q And I saw a reference there to bovine

insulin. What is insulin?

 
A A growth hormone —— well, it's not just a

 
growth hormone. It is a hormone that is involved

in uptake and regulation of sugar, among other

things, in animal cells.

 Q And it said "bovine insulin." Is that cow

insulin?

Correct.

Are there different kinds of insulin?

There is.

So if you look further down the page,

you'll see another subheading that says

"Fermentation Process."
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 Do you see that?

A Yes, I do. 

 
Q And the first s nt nc und r f rm ntation

process says, "After inoculation the perfusion

fermentation process, Figure 2, was started with a

  
dilution rate of D equals l.75D to the minus 1."

 Do you see that?

A Yes, I do. 

 
Q Is the fermentation process that's being

referred there a process for making beer and wine?

A I: is not.

  
Q It's a process for making —— for culturing

mammalian cells; correct?

A That is what's being described here. And

it's also very sloppy. And the reviewers should

 
have clipped that.

 
i did not deny earlier that those terms

get in. This is why it's sloppy.

 
Q Do you recall anyone, when this article

 
was being reviewed, commenting that the use of

"fermentation" here was incorrect?

 A I was not one of the reviewers of this

 
article. I can honestly say that.

 
Q Do you recall anyone commenting, when this

article was presented at the conference, that they
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didn't understand what "fermentation" meant in

this context?

A This would be an example of a lo: of us

 
shaking our head, going, "They shouldn't be saying

that."

Q Would someone in your field understand

what authors of this paper were referring to when

they said "fermentation process"?

A As it's shown here, yeah. And it's also

very poor because you're still going, "All right.

What point is metabo— —— metabolism going on and

when is product being made?"

 It causes a vagueness.

So it's sloppy, imprecise.

Q You can put that to the side.

  
I'll hand you what is going to be marked

Exhibit 64. 

  
(Deposition Exhibit 64 marked for

identification and attacqed to the transcript.)

  
Q Do you recognize Exhibit 64?

   
A I need —— I would need to spend some time

looking this over.

  know Sadettin Oz:urk, and I know he has

  "ted a number of collec:ions like this. In

  I've been involved in some of his
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collections.

 
Whether —— 1 need to figure out

 
this is and when it was, so you need to

 time to look it over.

 

which one

give me

Q Sure. I think if you turn to the contents

 
table, page 6, you'll see that you were

in this collection.

A Yeah. That's what   

been.

Q Okay.

 

involved

could have

A But there's —— he's done some that

  i haven't and some that 1 have so ——

 
Q And you said that you know Dr. 0

that right?

A Yeah.

zturk; is

What is his reputation in the field?

Well respected.

Who is the audience for the —— a book like

MR. GUTMAN: Objection; lacks foundation,

vague.

A Actually, a way to find out who

audience is is probably very —— for me

and read the preface. That's usually w

list that.
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So —— I mean, I could spend some time now

if you want me to read it.

Q Please go ahead.

A 3ut —— okay. 

 
It doesn't really say at that point what

 
they're addressing it to in general, so I wasn't

really correct in saying it usually does.

But it does sort of cover what's going on,

 
which i: should. Yes. Okay.

Q So what is going on with this book?

A  

MR. GUTMAN: Objection; vague, calls for a

narrative.

MR. MC CLOJD: Let me withdraw that.  

ask a different qiestion.

Q You submitted a paper for inclusion in 
this book; is that right?

A Yeah. Let me see which one it is.

Yep, down here, 225. Yep.

i did. Chapter 7. Or —— I think it's a
  

chapter —— yep.

Q And this was not a chapter that you

submitted for the general population; right?

A No.

Q This is for ——
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A Well, what —— what do you mean by "general

population"?

Q The average person on the street. This is

a chapter that you wrote for your colleagues in

the industry; right?

A That would be a better description than "a

 
person on the street." That would be better.

Q Okay. So this is a resource for

individuals in industry who want to learn about

new topics in cell culture technology; is that

 
right?

A And summarize, correct.

Q Okay. Could you turn to Chapter 15

starting on page 523?

A Chapter 15?

525?

Q 523.

A 523.

Yes.

Q Okay. And you see there's a cqapter

 entitled "Validation of Cell Culture—Based

Processes and Qualification of Associated

 
Equipment and Facility"?

 Do you see that?

A Correct.
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And this chapter's authored by a

   
Chandra M. Dwivedi. Do you know Mr. Dwivedi?

A

Q

 No. I'm not familiar with the name.

Okay. And if you look, there is an 
 

asterisk after his name. Do yoa see that?

A

Q

Yes.

 If you look down at the bottom of

 
page 523, it says Mr. Dwivedi is currently at

 
3iogen

Q

A

  

Correct.

 Do you see that?

Yes.

   Do you know what:

 Yes, I do.

 
What is 3iogen Idec?

 
A biotecq —— biotechnology company.

And they make therapeutic antibodies?

They do.

WR. GUTMAN: Objection; lacks foundation.

 
Do they make their therapeutic antibodies

mammalian cells?

MR. GUTMAN: Lacks foundation, vague.

 i believe so.

Could you turn to page 529, please?

Yes.
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Q Okay. And you see there's a section

titled "Cell Culture and Fermentation Process"?

 Do you see that?

A I do. 

Q Okay. And the third sentence of that

paragraph states, "Commercial fermentation

processes and bioreactor technologies Have been 
developed in the last several decades to

state—of—the—art production of pharmaceutical

agents of interest."

 Do you see that?

A Yeah. Took me a minute. You were a
 

   
little fast there. But —— so caught on,

 

 
though. I got it, yeai. 

Q Okay. And is it your understanding that

the fermentation processes being referred to in

 
that sentence are processes for making beer and

wine?

  
A It is a sloppy use of the word, and I

 
consistent with what I said earlier. They

pushed —— "You will, by association, say it's cell

 
culture" —— in this case but it's sloppy. It

should no: have been used.

  Q But you understand that the process of

fermentation that's b ing r f rr d h r —— to here
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is a process for making therapeutic antibodies?

MR. GUTMAN: Objection; lacks foundation,

calls for speculation.

 
A By inference, that's what they're

  
referring to. I'm capable of inferring it. But

 
as we have discussed previously, if I go look up

 
the word —— and as I understand it fully well ——

 
it is sloppy. I: should have been edited out.

Someone shouldn't have —— should have edited that. 
 

did not edit tqat chapter.

And as I said, it could —— it can slip

 
through. You might be able to find it in my work,

  
but it will slip through. It's —— it's sloppy.

Q Can you turn to page 531, please?

A Yes.

Q Okay. And you'll see at the bottom of the

 
page it says "Production Scale Fermentation."

 Do you see that?

A Yes.

Q And the first sentence after that heading

says, "Fermentation at the production scale may be

carried out in a vessel (fermentor or bioreactor),

bottle, or a bag depending on the product type."

 Do you see that?

A Yes, I do. 
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Q Is it your understanding the production

scale fermentation being referred to in that

sentence is a process for making beer and wine?

 
A It is my —— my answer has not changed.

 It's sloppy.

Q I'm going to ask my question again.

 
Is it your understanding that the

production scale fermentation being referred to in

that sentence is a process for making beer and

wine?

MR. GUTMAN: ObjeCtion; lacks foundation.

  
A And I'm saying that that is a sloppy,

imprecise use of the word and should have been

edited out.

Q You understand that the fermentation

  
process being referred to in -hat sen-ence is a

 
process for making a therapeutic antibody;

correct?

MR. GUTMAN: Objection; lacks foundation,

calls for speculation.

    
A I know that 3iogen Idec does not make beer

 
and wine. So by inference —— I have to infer that

they mean "of." They should have said —— they

actually didn't say "bio." Why they used

"fermentor" —— there —— there's an inference there
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and it's sloppy. It shouldn't have been used.

 Q I wanted to ask you about the term

"fermentor." What is a fermentor?

A Historically a fermentor was what they

made moonshine in.

 

Then, as th fi ld b cam mor commercial,

people started using —— like, for instance,

 
decades ago New Brunswick Scientific made

fermentors for bio— —— for not just

 
fermentation but bioenergies.

 
In the 1970s they were doing it, and then

 
they would make it for bacterial work. And then

it started getting a little back and forth ——

 
"Well, we snould start calling —— stop calling

them fermentors and calling them bioreactors."

 So tiere was an evolution because these 
vessels went from just doing —— making beer and

wine and traditional and —— traditional metabolic

by—produCts to genetic engineering, which started 
in the late '70s, early '80s.

And people then began to start saying, "We

should call them bioreactors because we're not

 
fermenting it now. We are doing —— even bacterial

work is making a recombinant protein." So there

began to be a division.
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And we want to call that fermentors that

does fermentation and it —— bioreactors here. So

this is actually kind of representing that

breaking apart.

And they should have did —— like I said,
 

that shouldn't have been used but it is. We just

kind of go, "Oh, well, being sloppy again." So

it's by inference.

Q And, again, you're inferring, based on the

context, that this is referring to fermentation

being a process for making antibodies?

A That's right.

MR. GUTMAN: Objection; mischaracterizes

his testimony, lacks foundation.

A So bring —— it's bringing us back to the

claim. And you asked me —— let me read my ——

No. 47 here.

"I also understand that Amgen has proposed

 
that 'following fermentation' is indefinite, which

 
am informed means that the scope of the claim

 
could [sic] not be reasonably certain to a person 
skilled in the art, such that it would not be

reasonably certain to a person skilled in the art

 
when fermentation ends and steps following

 
fermentation begin. I agree that 'following

PLANET DEPOS

888.433.3767 | WWW.PLANETDEPOS.COM

Appx444

52

 
O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

O9:

 

   

  

30:58

3l:OO

3l:O3

3l:05

3l:O6

3l:O8

3‘ ‘1

3‘ ‘7

3‘ ‘9

3l:2l

3l:24

3l:27

3l:28

3l:29

3l:33

3l:36

3l -0

3l -3

3l -5

3l -8

3l:52

3l:55

3l:56

3l:58

32:02



Appx445

Case 1:18-cv-00924-CFC   Document 376-2   Filed 09/27/19   Page 87 of 96 PageID #: 28860Case 1:18-cv-00924-CFC Document 376-2 Filed 09/27/19 Page 87 of 96 PageID #: 28860

 
2O

21

22

23

24

25

Transcript of Jeffrey John Chalmers, PhD.

Conducted on February 6, 2019

fermentation' is indefinite. However, if a person

skilled in the art were to seek an interpretation

of this term despite its indefiniteness, a person

skilled in the art would find Amgen's construCtion

 
to best reflect the limited guidance given in the

patent."

 
So when I read this statement you're

saying, it's the exact same kind of thinking —— or

at least a very similar one. I shouldn't be so

   
exact. It's very similar. I'm inferring it.

  
I'm having to interpret it and go with ——

and they're helping me aere by saying "fermentor 
or bioreactor." So in this context they're trying

to equate it.

  
—— you didn't ask me but I was deposed

eight years ago on an import/export dispute from

 
a —— a biotech company that makes bioreaCtors.

They were explicitly clear they make bioreactors.

They don't make fermentors.

And it is the same reactor that's used in

the '869 patent. It's a 2—liter Applikon
 

mentioned in the '869 patent. That is a —— that

 
is an Applikon bioreactor. I went back and even

looked. They never called it a fermentor. They

  
were very clear of calling it a bioreactor because
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that would be looked down upon in selling a

product. "We don't sell fermentors. We sell

bioreactors to the biotech industry."

Q Are you finished?

A (No verbal response.)

MR. MC CLOUD: I'll move to strike tha  

  
answer as nonresponsive, and I'll ask my ques

again.

Q So you underStand, based on the context of

  
this sentence, that the use of the term

"fermentation" is referring to a process for

 
making antibodies?

MR. GUTMAN: Objection; asked and

answered, lacks foundation.

   A Because I'm skilled in the art and I

to make an interpretation despite it being

  
indefinite, I am saying that this Statement, which

  
keep saying is correct —— I stand by it.

 
Q I'm sorry. Which statement are you

referring to? The statement in your declaration?

A Correct.

 
Q I'm asking about the sentence that we just

  
read in the Dwivedi chapter. So I'll ask my 
question again for the tlird time.

You understand, based on the context of
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1 this sentence, that they are referring to a 09:3-:29

 
2 fermentation process for the process of making 09:3-:30

3 antibodies? 09:3-:33

4 MR. GUTMAN: Objection; asked and 09:3-:34

5 answered, lacks foundation, vague. 09:3-:35

6 A I have to infer it because the word 09:3-:38 

 

7 "fermentor" immediately sends up a flag on it. 09:3 : 2

  
8 Why are they mentioning that? That's sloppy. 09:3 : 7

 9 So in the whole context of the article 09:3-:50

  
10 from what —— I can't —— I might have read this a 0913-:52

  
11 long time ago. But as I look it over, they're 09:3-:54

 
 

12 constantly referring to making a produCt that's a 0913-158

13 drug. 09:35:01

14 So that would imply that, yes, you're 09:35:03

 
15 correct; it's making a human drug and not making 09:35:08

  
 

l6 beer or wine. So "'11 —— "'11 agree with that. 09:35:11

 
:7 Q Thank you_ 09:35:13

18 Could you turn to page 225, please. 09:35:20

 
19 Let me know when you get there. 09:35:27

20 A Yes. 09:35:29

21 Q Okay. And this is a chapter titled 09:35:34

22 "Aeration, Mixing, and Hydrodynamics in 09:35:37

23 3ioreactors." 09:35:-0 

24 A Yes. 09:35:-0 
 

25 Q Do you see that? 09:35:-2
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In many countries, tbe influence of regional and hospital payers also contribmes LO whether patients have 
;ic.:c.:ess to cerl,1in pi:uduct~- For ex,1mple, a pruduc:I may be sut:c.:essl'ully listed on a nat ional fom1ul.ary. but may 
also be sul~jecl lo further evaluations or compelilive biddi ng by payers al a regional ur ho~pilal level. The impact 
of multiple layers of assessment can resu lt in delay or failure Lo secure access and/or net price pressure. 

Payers in some c.:oumries are using and rnhers are beginning lO c:xperiment wilh alternalive payment 
mechanisms (e.g., paymelll caps. risk sharing) a~ a means to maintain access to in novative therapies while 
increasing their budget certainty. Requirements for such payment mechrulisms can impact Amgen's business 
through increased net p1jcc concessions and added adrninimativc burden. 

Fraud and Abuse Regulations Related ro Reimbursemen1 

As participants in government reimbursement programs, we are subject to various U.S. federal and stale 
laws, as well as foreign laws, penaining to healthcare "fraud and abuse;· including anti-kickback laws and false 
d,1trns Jaws. (See Government Reguh1tion - Other.) V iolations uf fraud and ;;buse laws c;;n resul.1 in s tringent 
enforcement penalties up to and including complete exclusion from Federal healthcare pmgrams (including 
Medicare and Medicaid). 

Manufacturing, Distribution and Raw Materials 

Mamffc1c1uring 

Biological products. which are produced in living systems, are inherently complex due to naturally­
occuning molecular variations. Highly specialized knowledge and extensive process and product charactetization 
are required to transform laboratory scale processes into reproducible commercial manufacturing processes. Our 
manufactming operations consist of bulk manufacnuing, formulation, fill and finish and distribution activities. 
Bulk rnanufacrnring includes fermentation and/or cell culture. processes by which our proteins are produced, and 
::ilso includes purification of 1.he proteins ro a high qu::ility. The proteins are then formnlared inro a st::ible form. 
The fill proce.~s dispenses Lhe 1or11111lale<l bulk proLein inlo vials or syringes. Finally, in Lhe finish process, our 
produces are packaged for distribution. 

\Ve opernte a number 01 commacial and/or cl inical manufac turing 1acili1ies, and our primary racil i1 ies ;;re 
located in the United States. Pue1tn Rico and the Netherlands. (See Tre111 2. Prope1ties.) We also use and expect tn 
continue to use third-party conu·act manufacn1rers to produce or assist in the production of certain of our large 
molecule marketed products as well as a number of our clinical product candidates. Manufacturing of Scnsipar®/ 
Mimpar:a@, our small molecule product, is cun:ently performed by third-party contract manufacntrers, except for 
certain finish activities performed by us in Puerto Rico. 

The global supply of our products depends on actively managing tbc inventory produced ac our facili ties 
and by third-party contract manufacuirers and the unintem1pted and efficient operation of these facilities. During 
lhe manufact11ring scale-up process, and eveu after achieving sustainable conunercial manufacn,ring. we may 
encounter difficulties or disruptions due to defects in raw materials or equipment, contamination or other factors 
that could impact product availability. (See Item IA. Risk Factors - ManufacLUring diffictLlties, disruptions or 
delays could limit supply of our products and limit our product sales and - We rely on rhird-pruty suppliers for 
certain or our raw materials. medical devices and compom;nts.) 

Commercial Bulk ,\tlanufacturing 

We operate commercial bulk manufacturing facilities in Puerto Rico and in several locations throughout the 
United States. (See Item 2. Properties.) We pe1form commercial bttlk manufacn1ring for our proteins except 
Vectibix®, which is performed by a third-patty contract manufacrurer. We also supplement commercial bulk 
manufacnuing for ENBREL, Prolia® ru1d XGEV A® with a third-parry contract manufacnu-er. 

Commercial Formulation, Fill and Finish Manufacturing 

We petfonn most of our conunerciaJ protein fonnulation, fit! and fiilish manufacniri.ng in our Puerto Rico 
facility. r-ormulation. fill and finish manufacturing for Nplate® and Vectibix@ is performed by third-party 
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There may be other parameters as well that

I'm forgetting or not familiar with.
 

jY MR . J:'T. *ZTCHfiR:   
 

Q Your understanding of the phrase

"fermentation" in this context is that it refers to

the cells growing or producing protein; is that

right?

A Generally so, yes. Again, I think there's a

dispute between the parties as to what

"fermentation" —— specifically "following

fermentation" —— means in the context of these

claims.

Q You would ——

 A But as with respect to protein production

processes in using host cells, fermentation

historically had more to do with probably yeast or

  
?. coli, bacterial production systems. But I guess
 

the use of that term probably bled over into

 
mammalian cell, as well.

 
And, generally, it means —— it can mean the

growth of cells and the exhibition of the cellular

 
machinery, cellular function in this kind of growth

media, which is usually marked by the rate of protein

production.

Q And that's your understanding of the
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ordinary meaning of "fermentation" in the context of

mammalian recombinant cell culture.

MR. GUTMAN: Objection. Form.

   TIE WITNESS: Yes, generally.
 

_:’>Y MR . Jr'T. *ZTCHilR:   
 

Q Are you aware of any documents memorializing

the fact reflected here, that these cells are still

undergoing fermentation?

A I —— I don't remember ——

I'm —— I'm not certain I ever saw any

specific documents. Certainly, I was told that

that's what's happening during the cool—down phase.

That's what I know.

Q If you could please tarn to page 9 of

  Dr. Loots' opinion. Heading "3" on page 9 states

"The Relevant Law Regarding Invalidity."

 
Do you see that?

A I do.

 
  Q Did you review this section of Dr.

opinion when you reviewed it?

A Yes.

Q Were you aware of any errors in this

section?

A I don't remember anything that cites to case

law generally, the factors as referenced in the case
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