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Endogenous ribonucleotides and deoxyribonucleotides are essential metabolites that play important
. roles in a broad range of key cellular functions. Their intracellular levels could also reflect the action
. of nucleoside analogues. We investigated the effects of 5-fluorouracil (5-FU) on ribonucleotide and
. deoxyribonucleotide pool sizes in cells upon exposure to 5-FU for different durations. Unsupervised
. and supervised artificial neural networks were compared for comprehensive analysis of global
: responses to 5-FU. As expected, deoxyuridine monophosphate (dUMP) increased after 5-FU
incubation due to the inhibition of thymine monophosphate (TMP) synthesis. Interestingly, the
accumulation of dUMP could not lead to increased levels of deoxyuridine triphosphate (dUTP) and
. deoxyuridine diphosphate (dUDP). After the initial fall in intracellular deoxythymidine triphosphate
. (TTP) concentration, its level recovered and increased from 48h exposure to 5-FU, although
. deoxythymidine diphosphate (TDP) and TMP continued to decrease compared with the control
. group. These findings suggest 5-FU treatment caused unexpected changes in intracellular purine
. polls, such as increases in deoxyadenosine triphosphate (dATP), adenosine-triphosphate (ATP),
. guanosine triphosphate (GTP) pools. Further elucidation of the mechanism of action of 5-FU in
. causing these changes should enhance development of strategies that will increase the anticancer
. activity of 5-FU while decreasing its resistance.

© The ribonucleotides (RN) and deoxyribonucleotides (dRN) are essential metabolites that play important
- roles in a broad range of key cellular functions such as DNA synthesis and repair as well as energy metab-
. olism!™. Deoxyribouncleoside monophosphates (ANMP), deoxyribouncleoside diphosphates (ANDP)
- and deoxyribouncleoside triphosphates (ANTP) are major metabolites of dRN metabolism and building
. blocks of DNA synthesis®. Correspondingly, ribouncleoside monophosphates (NMP), ribouncleoside
. diphosphates (NDP) and ribouncleoside triphosphates (NTP) are major metabolites of RN metabolism®.
. Factors affecting RN and dRN pool sizes could alter cellular functions.

: Nucleoside analogues are used as anticancer and antiviral drugs’'°. They undergo a stepwise intra-
. cellular phosphorylation to their triphosphate metabolites, which are preferentially incorporated into
. growing DNA to cause premature chain termination or inhibition of key enzymes!!"!%. The action of
* nucleoside analogues against cancer and viral infection could be affected by RN and dRN pool sizes!!>-17.
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Figure 1. HegG2 MTT assay of 5-FU.

Until recently, methods for assessment of RN and dRN pool sizes were not available. We have developed
such method to study the perturbation of RN and dRN in cancer cell lines incubated with hydroxyurea
and aphidicolin'®.

5-Fluorouracil (5-FU) is one of the most commonly used anti-cancer drugs that has been used to
treat many types of cancers such as breast, colorectal cancer, esophageal, and stomach cancers'-?!. It
is metabolized in cells to RN and dRN that result in both DNA-directed and RNA-directed cytotoxic-
ites?>-24, Its active metabolite, 5-fluoroxyuridine triphosphate (FUTP), corporates extensively into RNA
strands thereby inhibiting RNA synthesis and stopping the growth of cancerous cells. Another active
metabolite, 5-fluoro-2’-deoxyuridine-5'-monophosphate (FdAUMP), inhibits the action of thymidylate
synthase (TS), which is responsible for the conversion of dUMP to TMP. FAUMP binds to the nucleotide
binding site of TS and blocks the binding of the normal substrate dUMP leading to inhibition of TMP
synthesis*>?¢. TS inhibition results in accumulation of dUMP and depletion of deoxythymidine metab-
olites. A previous study has observed that 5-FU incubation of human colon carcinoma cells resulted in
decrease of TTP and increase of dATP concentration without effect on deoxyguanosine triphosphate
(dGTP) and deoxycytidine triphosphate (dCTP) concentration””. Others found lower levels of TTP and
elevated of dGTP, dATP and dCTP when mouse 5178Y lymphoma cells was incubated with different
concentrations of 5-FU%, It was also reported that 5-FU incubation resulted in increased dUMP/TMP
ratio in budding yeast®.

However, there has been no report on the effects of 5-FU incubation on RN and dRN pool sizes due
mainly to the difficulty of quantifying these pool sizes intracellularly. Therefore, the exact mechanism of
5-FU’s anticancer activity has not been fully elucidated. In the present study, we investigated the effects
of 5-FU incubation over different time-periods on RN and dRN pool sizes of a human hepatocarcinonma
cancer (HepG2) cell line using HPLC/MS/MS methodology.

Artificial neural network methods are an efficient technology to categorize RN and dRN data into use-
ful and functionally meaningful groups. In this study, feed-forward artificial neural network (FANN) and
self-organizing maps (SOM) were used as supervised and unsupervised recognition method to under-
stand the global responses to 5-FU. As an unsupervised neural network algorithm, SOM can easily visu-
alize the complex data, which has successfully been used to analyze very large data files in biochemistry
fields, including the discovery of gene relationships®, classification of complex chemical patterns*, and
tumor classification®. The supervised classification method through FANN yields a compared result. We
have investigated whether SOM and FANN can be applied to the analysis of the effects of 5FU on the
RN and dRN pools sizes. Our results showed that SOM and FANN could rapidly and reliably cluster RN
and dRN pool-size data into different groups. Moreover, feature maps of SOM revealed which RN and
dRN pool size was influential for the model and how the RN and dRN pool sizes correlate with each
other. This study has attempted to investigate some of the similarities and differences in the performance
of these two artificial neural network technologies through the complex data of RN and dRN pool sizes.

Results

Cell viability. Cell viability was examined by MTT Assay as previously described®. HepG2 cells were
incubated with various concentration of 5-FU (5, 10, 20, 30, 40, 50 or 60 umol/L) for 72h. Results of the
MTT assay are presented in Fig. 1. IC5, was calculated by GraphPad Prism 5 software. The ICs, of 5-FU
was 49.9 umol/L.

Discrimination of samples using FANN. The RN and dRN pool sizes were analyzed by FANN with
a view of establishing whether the separation between control group and 5-FU group was significant by
prediction of classes. Totally 60 samples were divided into three groups: 36 samples (60% of samples) for
the training data set, and 12 samples (20%) each for the testing data set and validation data set. Figure 2
illustrates the rates of successful prediction was 100%, 100% and 100% for training, testing and valida-
tion data, respectively. Totally the rate of successful prediction was 100%, which shows that all samples
can be classified correctly by this method according the impact of 5-FU. This result indicates that 5-FU
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Figure 2. HegG2 FANN results for 60 cell samples before and after 5-FU using concentrations of 27
ribonucleotide and deoxyribonucleotide Pools sizes as input variables.

incubation is associated with changes in RN and dRN pool sizes. The procedure summarizes the total
alteration in the data and classifies RN and dRN pool sizes by the shape of the time-dependent changing
pattern and not by the absolute value of the degree of change.

Discrimination of samples using SOM. In order to assess the effects induced by 5-FU on RN and
dRN pool sizes, SOM was used to process data sets. It can visualize the difference in global RN and dRN
pool sizes. Thus SOM was useful to explain the mechanism of 5-FU. The SOM described by basic
Kohonen algorithm consisted of two-dimensional feature space with lattice neurons. Initially, random
values were chosen for the weight vectors W,. The winning neuron I(X) was usually selected by mini-
mizing the distances d;(x) = P (% — Wﬁ)z. The update formula for weight vector was
AW, =10 (t) T 1) (t) (x; — WJ,) where T 1) (t) was a Gaussian neighborhood and 6(t) was the learn-
ing rate. This process was repeated until the node with closet weight vector was found to discretize
presentation of high-dimensional input data. By the sophisticated form of multivariate analyses of SOM,
the metabolites could be classified into cells on a two-dimensional grid. Different profiles between the
cell production and 5-FU incubation were observed in the control group and the 5-FU group. As shown
in Fig. 3, 12 clusters of the map could be classified, each representing a group sharing similar character-
istics. Control samples at 72h and samples at 4h of 5-FU incubation were divided into two sub-groups
because of poor reproducibility arising from difference on the initial state of cell in duplication. Generally,
the samples from the control group and 5-FU group were located on the left side and right side,

respectively.
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Figure 3. Self-organizing map (SOM) analysis revealing an effect of -5FU on the RN and dRN pool
sizes.

Effect of 5-FU on adenosine and deoxyadenosine pool sizes. We used a simple and sensitive
LC/MS/MS method to assess alterations in intracellular pool sizes before and after incubation with 5-FU.
SOM summarizes the total alteration in the data. Through feature planes of SOM, thus further quanti-
fication analyses of RN and dRN pool sizes could reveal which RN and dRN pool size is influential for
the model and how they correlated with each other. Feature maps show the distribution of values of the
respective input component over the map in different color. The color scale of blue, green and red was
used for low values, mid-range values and high values, respectively.

As expected, RN levels in HepG2 cells were significantly greater than that of dRN levels (Tables 1-2).
Adenosine ribonucleotides constituted the highest portion of the RN pool. In the beginning, there was
no significant difference in RN levels with or without 5-FU incubation. After 12h of 5-FU incubation, the
amount of ATP increased from about 1.5 to 15 fold. The most dramatic increase (about 15-fold) occurred
after 72h of 5-FU incubation. It can be seen form Fig. 4A that the extreme values represented in red in
the ATP feature map in two groups after 48 and 72h of 5-FU incubation.

It appears that the increase in the ATP/ADP ratio was exclusively brought about by an increase in
ATP concentration and not by a decrease in the ADP concentration (Tables 1 and 3, Fig. 5A). In fact, the
amounts of adenosine-monophosphate (AMP) and ADP increased after incubation of 5-FU (Fig. 4B,C).
5-FU could incorporate into all species of RNA, which is an important element of its cytotoxicity. Thus
the inhibition of RNA synthesis may be responsible for accumulation of adenosine pool size. The dATP
pattern was very similar to that of ATP because of interference with DNA synthesis and incomplete DNA
repair caused by the TTP depletion (Fig. 4D). It can be seen from Fig. 5B that the ratios of ATP/dATP
were similar before and after incubation of 5-FU. Concomitant dATP accumulation could accentuate
the deoxyribonucleotide imbalance and pronounced inhibition of DNA synthesis. At the same time,
deoxyadenosine diphosphate (dADP) and deoxyadenosine monophosphate (d1AMP) appears to be the
most constant during the incubation of 5-FU (Fig. 4E,F).

Effect of 5-FU incubation on uridine and deoxyuridine pool sizes. The uridine pools size exhib-
ited similar behavior as that observed in the adenosine pool size after incubation with 5-FU. Uridine
triphosphate (UTP) showed a similar increase (almost 15-fold) as observed with ATP due to the inhibi-
tion of RNA synthesis (Fig. 6A). At the same time, evenly distributed colors means there was no remark-
able change in the uridine diphosphate (UDP) and uridine monophosphate (UMP) levels with or without
5-FU (Fig. 6B,C). 5-FU acts in several ways, but principally as a TS inhibitor. Interrupting the action of
this enzyme blocks synthesis of the pyrimidine thymidine, which is a nucleoside required for DNA repli-
cation. TS methylates dUMP to TMP. As expected, dUMP increased after 5-FU incubation from 4 to 72h
(Fig. 6D). It is interesting that the accumulation of dUMP could not subsequently lead to increased levels
of dUTP and dUDP. To further investigate these observations, we determined the expression of dUTP
nucleotide hydrolase (dUTPase) using the western blot and ELISA. This enzyme catalyses the hydrolysis
of dUTP formed to dUMP. The expression of dUTPase was significantly increased after 72hour incu-
bation with 5-FU (Fig. 7). At the same time, ELISA showed the similar results as western blot analysis
(control group: 11.2+ 1.4 pg/ml versus 5-Fu group: 20.6 &= 2.3 pg/ml, P = 0.004). The amount of dUTPase
may play an important role in the tumor resistance to 5-FU. A previous study has demonstrated that the
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Figure 4. Feature maps of adenosine and deoxyadenosine pool sizes as input attributes. (A) ATP;
(B)ADP; (C)AMP; (E) dATP; (F) dADP; (F) dAMP.

expression dUTPase was associated with the metastatic potential of colorectal cancer and response to
5-FU*. The low dUTPase was related with longer overall survival, longer time to progression and better
efficacy of 5-FU*.

Effect of 5-FU incubation on thymidine pool size. In HepG2 cells, TTP was the most abundant
dNTP. dATP was the next most abundant, followed by dGTP and dCTP. Although TTP showed the
expected decrease (about 2 fold) within 24 h of 5-FU incubation, there was a progressive increase in TTP
from 48 to 72h (Fig. 8A). Additionally, TDP and TMP concentrations decreased with time contrary to
that observed with the dUMP pool sizes from 4 to 72h (Figs 8B,C and 9). dNTP are synthesized via
two pathways: the de novo pathway and the salvage pathway>*%*7. TS is a key enzyme in the synthesis of
pyrimidine in the de novo pathway of DNA synthesis and a major target of 5-FU. Although 5-FU still
inhibited TS after 48 hours because the concentration of dUMP was increasing and the concentration
of TMP was still lower, the cell will begin to use the thymidine for direct synthesis of TTP. Whether or
not a thymidine salvage pathway contributes to clinical resistance to 5-FU is difficult to determine with
absolute certainty. However, this work confirms that salvage pathway maybe useful for cell self-protection
and resistance to 5-FU.

Effect of 5-FU incubation on cytidine and deoxycytidine pool sizes. There was a progressive
increase in cytidine triphosphate (CTP) concentration after 5-FU incubation up to 72h, by then the
increase reached about 15-fold, which is similar to the trend observed with adenosine and uridine pool
sizes (Fig. 10A). Cytidine monophosphate (CMP) and cytidine diphosphate (CDP) remained relatively
constant through the duration of incubation (Fig. 10B,C). Flow cytometric analysis in Fig. 11 showed that
the population of cells in the G2 phase was decreased by 5-FU at 72h (5.3 4 0.7% of cells in the G2 phase
of the cell cycle in 50pM of 5-FU compared with 11.24+0.7% of control cells). Thus 5-FU incubation
resulted in an increase in G1/S phase cells, which could lead to increase the ribonucleotides reductase
activity. Since TTP is known to inhibit CDP reductase, the decreased TTP caused by incubation of
5-FU may be, at least in part, responsible for this disinhibition of CDP reductase. Consequently, the
accumulation of dCTP was caused by the increased CDP reductase activity combined with reduce DNA
synthesis (Fig. 10D). Thus there was a decrease in CTP/dCTP ratio in contrast to the increased ratio of
ATP/dATP (Table 3 and Fig. 12). The increase in dCTP may be an important contributor to the toxicity

SCIENTIFIC REPORTS | 5:16861 | DOI: 10.1038/srep16861 5



www.nature.com/scientificreports/

ATP 19614245 | 2488+554% | 17584614 | 27344321 | 25824785 | 546541523 | 10854619 | 9464+ 1430 | 5934466 | 8905+ 2447+
ADP 119445 161484 146+ 28 208+ 38 139433 2524 45%* 15455 3094 36* 7627 162£31%
AMP 2+9 52+18 45+4 567+ 2613 37+14 66+11 3518 7027 1748
GTP 833+143 |  1026+216 665+ 261 1188+£364% | 1110429 24514938" | 4824283 | 381741240 | 3064228 | 4065+ 1345%
GDP 50+9 62+12 55+ 10 73+ 13* 48+15 80+ 12+ 60£6 83+ 14 5240 6023
GMP 1143 1244 12+1 1543 8+4 10+3 2745 7454 35+16 343
CTP 659+ 229 7424278 787+ 251 1058+ 283 953 + 481 1794+ 1000 3344217 | 292141452 |  123+94 1901 + 856**
CDP 56+ 10 70+13 57+7 724 12* 3447 53+ 14* 38+15 5247 29426 20411
CMP 35422 4624 37+£13 38£16 26£8 35+12 45£17 63£19 48£37 32+13
UTP 1268+ 80 1406 £310 | 1136699 1770£686 | 1628+782 290813207 | 4774321 | 422041463 | 253£230 | 3796+ 1582%
UDP 9420 107+15 89:£22 129413 66+ 14 99+ 22%* 59+19 101+ 13 44+33 74+21
UMP 35+9 36+9 40+£5 45+5 20£9 245 4746 20+ 4% 46+28 1645
Table 1. Levels of RN in HepG2 cell line before and after incubation with 5-FU at different time
(pmol/10°cell). Note: Each data point is an average of three independent experiments (each performed in
duplicate) and is reported as mean + standard deviation values. (*P < 0.05, **P < 0.01, compared with the
control group).
dATP | 17.97+153 | 20.63+7.44 1381654 | 2633+9* 1726+7.28 | 7146£30.31 |  7.29+3.61 | 110.42+31.18"% | 699+ 4.14 | 118.95+46.35
dADP 0.1+0.06 | 0.22+0.09* 0234002 | 03140.11 0.04+0.02 | 03440.13* 0.05+0.01 0.4+ 0.25% 0.04+0.03 | 0.0940.08
dAMP | 0.01£001 | 0.04+0.03 0.0240.02 |  0.0340.02 0.01+0.02 | 0.0140.01 0.03+0.01 |  0.0340.02 0.04+0.02 UDL*
dTTP | 40.53+£437 | 3105539 | 36.42+13.58 | 119261 | 46.62+18.44 | 20.53£11.05% | 16.12+1026 | 33.43+£7.44 | 13.62+ 1159 | 644+ 32.98*
dTDP | 5584197 47+162 8.1842.15 | 212+ 1.1% 4214166 |  1.33+0.86" 521419 2.03+ 1.46** 3074239 | 2924256
dTMP | 0.11£0.07 | 0.15£0.09 0.194+0.06 | 0.02%0.01"* 0.1240.06 UDL* 0244 0.11 | 0.0048 % 0.01°* 0.2+0.08 UDL*
dGTP | 454£09 2.6940.2% 326163 | 0.89+0.58> 825+5.55 | 1924 1.56* 317426 251+2.1 1.39+1.03 224141
dGDP | 3.15£036 | 1.730.64* 818623 | 035036 428255 | 0.12£0.11% 3.06%2 0.07 £ 0.04** 129£125 | 0.19£0.19%
dGMP 1.8£029 |  0.85£0.4* 356096 | 0.18%0.12** 213£071 | 0.15£0.16" 6.71%2 0.24%0.12* 429+156 | 0332023
dCTP | 853+261 | 2612+13.16" | 13.694+229 | 40.62+£11.8** | 1297+676 | 74.67+30.89 | 235+14 | 10532+33.01" | 064+£04 | 4043+£832*
dcpp 0.1£0.05 |  0.54%0.07* 0.15£0.03 | 0.63£0.22* 0.03£0.02 | 035£0.1%* 0.05+0.04 | 0.28+0.11** 0.03£0.03 |  0.05+0.03
dCMP |  0.03£0.02 | 0.04£0.06 0.014£0.01 | 0.03£0.03 UDL* 0.01+0.01 0.09+0.07 |  0.020.04* 021402 0.0140.01*
dUTP UDL* UDL* UDL* UDL* UDL* UDL* UDL* UDL* UDL* UDL*
dUDP | 044+037 | 298+ 169% 0.6+0.51 | 2344225 0534074 | 1394138 0.07+0.08 |  0.65+0.6% UDL* UDL*
dUMP | 0.13+0.12 | 139.86+ 76.51* 024025 | 2982145511 |  0.18+0.15 | 412.06£84.37* | 0.12:£0.05 | 436.19+£80.23** |  0.09+£0.1 | 230.02+47.87*
Table 2. Levels of dRN in HepG2 cell line before and after incubation with 5-FU at different time
(pmol/10°cell). Note: Each data point is an average of three independent experiments (each performed in
duplicate) and is reported as mean = standard deviation values. (*P < 0.05, **P < 0.01, compared with the
control group); *UDL, under detected limit of assay.
ATP/ADP | 1832+545| 18.86+6.84 11.8+2.42 13.38£ 15 18.32+3.22 21344305 6.79+2.81 30.73 4 3.89 6.7+447 56.99+17.26%
ATP/ATP | 109.07+9.94 | 129.63+26.73 | 137.88+23.83 113.07428.79 | 160.48£27.06 | 82634 14.83* | 1432942491 | 8952+ 14.31% | 71.34+24.02 78.71+ 10.42
GTP/dGTP | 186.08+30.51 | 381.68+81.07+ | 223.87+55.77 | 2105.81+ 132345 | 187.76+ 81.16 | 2562.35+ 1644.1** | 247.44 118.36 | 2982.16+ 1844.2** | 216.21+20.46 | 2507.64+ 1087.48**
CTP/ACTP | 76294439 |  30.65+ 448" | 56.32+ 1045 26354277 | 74.84+434 2235+ 427 | 135.94+ 44.17 26.08+5.75** | 180.08 + 80.33 45,134 14.07%
Table 3. General properties of HepG2 cell line before and after incubation with 5-FU at different times.

Note: Each data point is an average of three independent experiments (each performed in duplicate) and is
reported as mean = standard deviation values. (*P < 0.05, **P < 0.01, compared with the control group).
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Figure 5. Ratio of ATP/ADP (A) ATP/dATP (B) before and after incubation of HepG2 cells with 50 uM
of 5-FU. Each data point is an average of two independent experiments (done in triplicate) and is reported
as mean =+ standard deviation.
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Figure 6. Feature maps of uridine and deoxyuridine pool sizes as input attributes. (A) UTP; (B) UDP;
(C) UMP; (E) dUMP.

of 5-FU because dCTP could active the deoxycytidylate deaminase (ACMP deaminase), which would
disturbed the cellular metabolism. At the same time, dCMP and deoxycytidine diphosphate (dCDP) have
no significant change in a time dependent manner (Fig. 10E,F).
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Figure 7. Western blot analysis of the effect of 5-FU on expression of dUTPase.
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Figure 9. Percent change in thymidine pool after incubation of HepG2 cells with 50 uM of 5-FU. Each
data point is an average of two independent experiments (done in triplicate) and is reported as
mean + standard deviation.

Effect of 5-FU on guanosine and deoxyguanosine pool sizes. Deoxyguanosine pool size
decreased after incubation with 5-FU from 4 to 72h, because the decrease in TTP also represents the
reduction of guanosine diphosphate (GDP), hence the deoxyguanosine pool level decreased according
to the regulation mechanism of ANTP synthesis (Fig. 13D—F). There were increases in GTP and GDP
concentrations, which are consistent with changes in ATP as a result of inhibition of RNA synthesis.
(Fig. 13A,B). Thus the ratio of GTP/dGTP after incubation with 5-FU was approximately 2-3-fold greater
than that of the control cells without 5-FU incubation. However, the large decrease in the GMP was con-
tradictory to our expectation after 24 h exposure to 5-FU (Figs 13C and 14). The reduction of guanosine
monophosphate (GMP) may be useful for cell self-protection and resistance to 5-FU since the antitumor
activity of was significantly enhanced by combination of guanosine, and slightly by adenosine, but not by
cytidine or uridine®®®. In additions, guanosine also effected the action of 5-FU, but adenosine, uridine,
and cytidine did not. The decreased GMP induced that GDP would be preferentially incorporated in the
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Figure 10. Feature maps of cytidine and deoxycytidine pool sizes as input attributes. (A) CTP; (B) CDP;
(C) CMP; (E) ACTP; (F) dCDP; (F) dCMP.

important enzyme nucleoside diphosphate phosphohydrolase, which is responsible for the conversion of
GDP to GMP. Because UDP was also the substrate of nucleoside diphosphate phosphohydrolase, pyrim-
idine metabolism enzymes would takes precedence over 5-FU in order to maintenance of the correct
cellular levels of UMP. This will lead to the decrease of active metabolites of 5-FU.

Finally, compared with dRN pool size, the pattern of NTP pool size showed a similar increase after
incubation of 5-FU, which was brought by the inhibition of RNA synthesis and feedback of their metab-
olism enzymes. A disturbance of the balance of RN and dRN pools in response to chemotherapy may
have far-reaching consequences on the activity of many nucleoside analogues. Our data have provided
further molecular explanations to support the observed clinical result.

Discussion

Measurement of all RN and dRN pool sizes in the cell line has been difficult until recently because of
the insensitivity of the available LC/MS/MS assay methods. Our paper should be the first report on
which individual levels of 27 RN and dRN have been analyzed simultaneously after exposure to 5-FU. In
particular, our study elucidates potential differential responses of all RN and dRN pool sizes to different
durations of incubation of HepG2 cells with 5-FU.

The changes in deoxyribonucleoside triphosphate pools following exposure to 5-FU are comparable
to previously published reports?**’-2°, The changes of dUTP seen in the presence of 5-FU, however,
differ in that the increase occured in the deoxyuridine triphosphate only. The lower limit of quantifica-
tion of dUTP in our assay was about 0.95pmol/10° cells. The level of dUTP was under detection limit
of the assay even if the concentration of dUMP was more than 400 pmol/10° cells. The dUTPase is the
key enzyme of dUTP pools and evidence suggest that dUTPase may be catalyzing the degradation of
dUTP to dUMP quickly?®*. These possibilities are under investigation. The amount of dUTP could be
associated with response, cytotoxicity resistance and overall survival to 5-FU. Inhibitors of thymidylate
metabolism (i.e., the fluoropyrimidines and antifolates) represent an important class of antineoplastic
agents*'~%, Thus our findings could be useful in understanding the mechanisms of TS inhibitors.

The rapid decrease of TTP within 24 hour is a direct result of the inhibitory effects of 5-FU on de novo
thymidylate. Interestingly, it is not attributable to a progressive decrease in the TTP pool, since after the
initial fall in the intracellular concentration of this nucleotide, TTP level began to recover and increase
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Figure 12. Ratio of CTP/dCTP before and after incubation of HepGz2 cells with 50 pM of 5-FU. Each
data point is an average of two independent experiments (done in triplicate) and is reported as
mean = standard deviation.

from 48hour exposure to 5-FU although TDP and TMP continued to decrease compared with control
group. This condition therefore confirms that cells started to synthesis the TTP using salvage pathway.
As a preliminary interpretation of this process it is likely that thymidine kinase activity is enhanced as a
result of the loss of feedback inhibition resulting from the lowered TTP pool. Support for the circumven-
tion of the de novo pathways of purine and pyrimidine biosynthesis by the salvage pathways comes from
our observation that there are sufficient levels of nucleotides to overcome the inhibitory and cytotoxic
effects of 5-FU.

Compared with dRN pool size, the pattern of RN pool size showed a similar increase after incuba-
tion of 5-FU, which was brought by the inhibition of RNA synthesis and feedback of their metabolism
enzymes. A disturbance of the balance of RN and dRN pools in response to chemotherapy may have

SCIENTIFIC REPORTS | 5:16861 | DOI: 10.1038/srep16861 10



www.nature.com/scientificreports/

A B C

GDP

il L?_rtiyule g_r_-lj/r'/.. A,

Exalnati

-— —
s T X T T T T T T T T T
69 T84 1499 2214 2930 3645 4360 5075 5790 |19 28 37T 46 56 65 T4 & 92 102 111

m» == o — | - === |
T 1Tt T T Tt DU} T T T T il Liox e Lot T T T T T Tl atone]
0 2 3 4 & T 9 10 11 13 4 € 10 12 13 15 17 [0.0 0.9 1.8 2.7 3.7 4.6 5.5 6.4 7.3 8.2 9.2

Figure 13. Feature maps of guanosine and deoxyguanosine pool sizes as input attributes. (A) GTP;
(B) GDP; (C) GMP; (E) dGTP; (F) dGDP; (F) dGMP.

2000+
1800

E3 GMP
1600 =3 GDP
1400 = GTP
1200

4hour  12hour 24hour 48hour 72hour

Figure 14. Percent change in guanosine pool after incubation of HepG2 cells with 50 puM of 5-FU. Each
data point is an average of two independent experiments (done in triplicate) and is reported as
mean =+ standard deviation.

far-reaching consequences on the activity of many nucleoside analogues. Thus our data have provided
further molecular explanations to support the observed clinical result.

In summary, we were able to quantify and investigate the effect of 5-FU incubation on all dRN and
RN pools. The observed alterations in pool sizes were consistent with the present understanding of
ribonucleotide and deoxyribonucleotide metabolism. We shall continue to investigate the dynamics of
interaction between endogenous dRN and the respective metabolites of nucleoside analogues used for
cancer chemotherapy and HIV chemotherapy. This work could enhance our understanding of how these
analogues work and may predict nucleoside analog efficacy and toxicity.
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Methods

Chemicals and reagents. LC-MS grade methanol, acetonitrile and acetic acid were purchased from
Anaqua Chemical Supply Co., Houston, TX, USA. Hexylamine (HA), diethylamine (DEA), trioctylamine,
1, 1, 2-trichlorotrifluoroethane, stable isotope labeled adenosine-*C,,,'"N;-triphosphate (ATP*C,°N),
dimethyl sulfoxide (DMSO), trypsin-EDTA solution and 3-[(4, 5)-dimethylthiazol-2-yl]-2, 5-diphenyl
tetrazolium bromide (MTT) were purchased from Sigma Aldrich Chemical Co., St. Louis, MO, USA.
Ultra-pure water was obtained from a Milli-Q Gradient Water System (Millipore Corp., Bedford, MA,
USA). For culturing cells, phosphate buffered saline (PBS), Dulbecco’s Modified Eagle Medium (DMEM),
penicillin-streptomycin solution and fetal bovine serum (FBS) were obtained from Gibco Invitrogen
Corp., Carlsbad, CA, USA. Human hepatocellular cancer cell line (HepG2) was bought from American
Type Culture Collection (ATCC), Rockville, MD, USA.

LC/MS/MS Assay. This was performed on a Thermo Fisher TSQ LC-MS/MS system consisted of
an Accela Autosampler, an Accela pump and a Quantum Access triple quadrupole mass spectrometer
(Thermo Fisher Scientific Co., San Jose, CA, USA). Data acquisition was performed with the Xcalibur
software version 2.0.7, and data processing using the Thermo LCquan 2.5.6 data analysis program
(Thermo Fischer). The chromatographic separation was achieved using an XTerra-MS C,g column
(150mm x 2.1mm i.d., 3.5pm, Waters Corp., Milford, MA, USA). The two eluents were: (A) 5mM
HA-0.5% DEA in water, pH adjusted to 10 with acetic acid; and (B) 50% acetonitrile in water. The
mobile phase consisted of linear gradient of A and B: 0-15min, 100-80% A (v/v); 15-35min, 80-70%
A; 35-45min, 70-45% A; 45-46 min, 45-0% A; 46-50 min, 0-0% A; 51-70 min, 100-100% A. The liquid
flow-rate was set at 0.3 mL/min, and the column temperature was maintained at 35°C. For all RN and
dRN, the following optimized parameters were obtained. The sheath gas pressure reached 40psi. The
ionspray voltage was set at 3000V for negative mode and 4000V for positive mode, respectively and
the temperature at 350°C. The Auxiliary gas pressure was 15psi. Quantification was performed using
multiple reactions monitoring (MRM) as previously published'®.

Cell Culture. Cells were cultured in DMEM medium supplemented with 10% dialyzed fetal bovine
serum (dFBS), 100 units/mL penicillin, 100 pg/mL streptomycin in a 37 °C humidified incubator with a
5% CO, atmosphere. HepG2 cells were seeded in 100 mm by 20 mm dishes (Corning Inc, Corning, NY,
USA). After overnight culture, cells were divided into two groups: control group and experimental group.
Cells of experimental group were incubated with 50.M (IDs,) of 5-FU for different time periods (4, 12,
24, 48, or 72h). An extra dish of cell line was incubated for cell counting on the day of cell harvest for
normalization of nucleotide pools, and the viability assessed by trypan blue exclusion assay (only cells
with more than 95% viability were assessed). Control cells were incubated in medium only.

MTT assay. The inhibitory effect of 5-FU on HepG2 was determined by the cytotoxic MTT assay.
HepG2 cells were seeded in 96 wells plate (LabServ, Thermo Fisher Scientific Co., Beijing, China)
at 1x 10* cells/well. After incubation, they were treated with the 5-FU at different concentrations
for 72h. MTT solution (final concentration of 0.5mg/ml in medium) was added to each well and
incubated further for 4h. The medium was removed, and 100l of DMSO was added to each well
to dissolve the purple crystals of formazan. Absorbance was measured at 570nm with a microplate
UV/VIS spectrophotometer (Infinite M200 PRO, Tecan Austria GmbH 5082, Grodig, Austria); reference
wavelength was 650 nm. The cell number was determined using a hemocytometer. IC;, (half maximal
(50%) inhibitory concentration) values of 5-FU were calculated by GraphPad Prism software. Cell viability
(%) =0D treated/ODcontrol (untreated) X 100.

Preparation of cell pellets. Monolayer cells HepG2 cells were washed with ice-cold PBS once and
were trypsinized with 0.25% trypsin-EDTA. Cells from two or three dishes were then re-suspended with
12mL ice-cold phosphate buffered isotonic saline solution (PBS). After centrifugation at 1,000rpm for
5 minutes, cell pellet was washed with 1 mL ice-cold PBS again and spun down at 1,000 rpm for 5min.
The cell pellet was incubated with 150pL of 15% trichloroacetic acid (TCA) containing 7.5pL of 20.0uM
ATPBC, PN as internal standard and placed on ice for 10min. After centrifugation at 13,500 rpm for
15min in the cold room, the acidic supernatant was separated and neutralized twice with 80 L mixture
of trioctylamine and 1, 1, 2-trichlorotrifluoroethane (a volume ratio of 45 to 55). Samples were stored at
—80°C until analysis, which was performed within two days.

Feed-forward artificial neural network (FANN). Absolute amount of each ribonucleotide and
deoxyribonucleotide was used to obtain a data matrix consisting of 60 objects and 27 variables. In this
study, RN and dRN pool sizes has been classified using the most common artificial neural network,
the two layer feed-forward network with sigmoid hidden and output neurons. The data included the
input (RN and dRN pool sizes) and output (with or without 5-FU) that were applied to the input layer
and output layer, correspondingly, to make the FANN learn the complex relationship between input
and output. Samples were grouped by a 3:1:1 ratio to generate training, testing, and validation samples,
respectively. The numbers of hidden neurons were ten. Based on a trial process, the training cycle was
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repeated until the performance gradient falls below 1.0E~6. FANN was performed in the Matlab envi-
ronment (Mathworks Inc., Natick, MA, USA), running on PC with Intel (R) Core™ i5 CPU 3.2 GHz
and 4.0GB RAM.

Classification based on self-organizing maps (SOM).  Although SOM is a type of artificial neural
network, it is a common unsupervised recognition method, which is different from other artificial neural
networks. Since SOM uses a neighborhood function to preserve the topological properties of the input
space, the distribution of samples on this two-dimensional graph may reveal a pattern that might be
correlated to the general characteristics of samples. The Viscovery SOMine 6 package (viscovery.net) has
been used to cluster the 60 samples based on the 27 variables. The number of nodes was settled at 2000.
Tension was 0.5. The other part kept default parameters.

Cell cycle analysis. Cells were seeded at 2 x 10* cells/well in 6-well culture plates in duplicate and
incubated with 5-FU at 50uM for 72h. They were then harvested and fixed in 70% (v/v) cold ethanol
overnight at 4°C. The fixed cells were collected by centrifugation and resuspended in PI/RNase Staining
Buffer (Cell Cycle Detection Kit, Nanjing KeyGen biotech Co, Ltd., Nanjin, China) to stain for DNA
before final analysis on a FACSAriaTM III Flow Cytometer, Beckon Dickinson and Company, San Jose,
CA, USA.

Preparation of cell extracts and measurement of dUTPase. Cells were washed with ice-cold
PBS twice and lysed in RIPA buffer (Cell Signaling Technologies Inc. Beverly, MA, USA). The lysate was
cleared by centrifugation at 12,000 x g. dUTPase measured using human deoxyuridine triphosphatase
ELISA Kit (USA TSZ biological Trade Co., Ltd., North Brunswick, NJ, USA) according to the manufac-
turer’s instructions using a microplate reader (Infinite M200 PRO, Tecan uatria GmbH, Grodig, Auatria)
at 450 nm.

Western Blot analysis. Every group cells were harvested and lysed in RIPA buffer (Cell Signaling
Technologies Inc. Beverly, MA, USA). Bradford reagent (Bio-Rad, Hercules, CA, USA) was used to deter-
mine protein concentration. Then, adding 5XSDS-loading buffer to give final concentration and heating
the tubes at 100 degree C with locked capping for 5 min. The cell lysates (70 ng) were subjected to 12%
SDS-PAGE. After electrophoresis, the cell extracts from SDS-PAGE were transferred to nitrocellulose
membrane. Then, the membranes were incubated with rabbit dUTPase antibody (Trust Specialty Zeal,
TST biological Trade Co., Ltd. USA) and B-actin antibody (Santa CruzBiotechnology, CA, USA)over-
night at 4°C. Furthermore, the membranes were incubated with HRP-conjugated antibodies for one
hour. Visualization of the protein bands by using the enhanced chemiluminescence reagents (Invitrogen,
Paisley, Scotland, UK). The bands analyzed by using the Image ] 1.46r software (National Institutes of
Health, Bethesda, MD, USA).

References
1. Thelander, L. & Reichard, P. Reduction of ribonucleotides. Annu Rev Biochem. 48, 133-158 (1979).
2. Karlstrom, O. & Larsson, A. Significance of ribonucleotide reduction in the biosynthesis of deoxyribonucleotides in Escherichia
coli. Eur J Biochem. 3, 164-170 (1967).
3. Chen, B,, Jamieson, E. R. & Tullius, T. D. A general synthesis of specifically deuterated nucleotides for studies of DNA and RNA.
Bioorg Med Chem Lett. 12, 3093-3096 (2002).
4. David, J. C. Studies on the affinity of chick embryo DNA ligase for ribonucleotides and deoxyribonucleotides. FEBS Lett. 84,
156-158 (1977).
5. Van Rompay, A. R,, Johansson, M. & Karlsson, A. Phosphorylation of nucleosides and nucleoside analogs by mammalian
nucleoside monophosphate kinases. Pharmacol Ther. 87, 189-198 (2000).
6. Krupp, G. Enzymatic RNA synthesis and RNase P. Evolutionary aspects. Mol Biol Rep. 22, 177-180 (1995).
7. Damaraju, V. L. et al. Nucleoside anticancer drugs: the role of nucleoside transporters in resistance to cancer chemotherapy.
Oncogene. 22, 7524-7536 (2003).
8. Périgaud, C., Gosselin, G. & Imbach, J. Nucleoside analogues as chemotherapeutic agents: a review. Nucleosides ¢ nucleotides.
11, 903-945 (1992).
9. Younger, H. M., Bathgate, A. ]. & Hayes, P. C. Review article: Nucleoside analogues for the treatment of chronic hepatitis B.
Aliment Pharmacol Ther. 20, 1211-1230 (2004).
10. Gregoire, V., Hittelman, W. N., Rosier, J. E. & Milas, L. Chemo-radiotherapy: radiosensitizing nucleoside analogues (review).
Oncol Rep. 6, 949-957 (1999).
11. Kakuda, T. N. Pharmacology of nucleoside and nucleotide reverse transcriptase inhibitor-induced mitochondrial toxicity. Clin
Ther. 22, 685-708 (2000).
12. Cherry, C. L., Lala, L. & Wesselingh, S. L. Mitochondrial toxicity of nucleoside analogues: mechanism, monitoring and
management. Sex Health. 2, 1-11 (2005).
13. Hutter, M. C. & Helms, V. The mechanism of phosphorylation of natural nucleosides and anti-HIV analogues by nucleoside
diphosphate kinase is independent of their sugar substituents. Chembiochem. 3, 643-651 (2002).
14. Bontemps, E & Van den Berghe, G. Mechanism of adenosine triphosphate catabolism induced by deoxyadenosine and by
nucleoside analogues in adenosine deaminase-inhibited human erythrocytes. Cancer Res. 49, 4983-4989 (1989).
15. Johnson, A. A. et al. Toxicity of antiviral nucleoside analogs and the human mitochondrial DNA polymerase. ] Biol Chem. 276,
40847-40857 (2001).
16. Martin, J. L., Brown, C. E., Matthews-Davis, N. & Reardon, J. E. Effects of antiviral nucleoside analogs on human DNA
polymerases and mitochondrial DNA synthesis. Antimicrob Agents Chemother. 38, 2743-2749 (1994).
17. Squires, K. E. An introduction to nucleoside and nucleotide analogues. Antivir Ther. 6 Suppl 3, 1-14 (2001).

SCIENTIFIC REPORTS | 5:16861 | DOI: 10.1038/srep16861 13



www.nature.com/scientificreports/

18. Zhang, W. et al. Analysis of deoxyribonucleotide pools in human cancer cell lines using a liquid chromatography coupled with
tandem mass spectrometry technique. Biochem Pharmacol. 82, 411-417 (2011).

19. Marsoni, S. Efficacy of adjuvant fluorouracil and folinic acid in colon cancer. Lancet. 345, 939-944 (1995).

20. Johnston, P. G. & Kaye, S. Capecitabine: a novel agent for the treatment of solid tumors. Anti-cancer drugs. 12, 639-646 (2001).

21. Douillard, J. Y. et al. Irinotecan combined with fluorouracil compared with fluorouracil alone as first-line treatment for metastatic
colorectal cancer: a multicentre randomised trial. Lancet. 355, 1041-1047 (2000).

22. Longley, D. B., Harkin, D. P. & Johnston, P. G. 5-fluorouracil: mechanisms of action and clinical strategies. Nat Rev Cancer. 3,
330-338 (2003).

23. Yamamoto, S. & Kubota, K. Level of 5-fluorodeoxyuridine 5'-monophosphate in cancerous tissue in patients with gastric cancer
under preoperative administration of TS-1. A preliminary study. ] Exp Clin Cancer Res. 24, 457-462 (2005).

24. Klubes, P.,, Connelly, K., Cerna, I. & Mandel, H. G. Effects of 5-fluorouracil on 5-fluorodeoxyuridine 5'-monophosphate and
2-deoxyuridine 5’'-monophosphate pools, and DNA synthesis in solid mouse L1210 and rat Walker 256 tumors. Cancer Res. 38,
2325-2331 (1978).

25. Santi, D. V., McHenry, C. S. & Sommer, H. Mechanism of interaction of thymidylate synthetase with 5-fluorodeoxyuridylate.
Biochemistry. 13, 471-481 (1974).

26. Sommer, H. & Santi, D. V. Purification and amino acid analysis of an active site peptide from thymidylate synthetase containing
covalently bound 5-fluoro-2’-deoxyuridylate and methylenetetrahydrofolate. Biochem Biophys Res Commun. 57, 689-695 (1974).

27. Houghton, J. A., Tillman, D. M. & Harwood, E G. Ratio of 2’-deoxyadenosine-5'-triphosphate/thymidine-5'-triphosphate
influences the commitment of human colon carcinoma cells to thymineless death. Clin Cancer Res. 1, 723-730 (1995).

28. Tattersall, M. H. & Harrap, K. R. Changes in the deoxyribonucleoside triphosphate pools of mouse 5178Y lymphoma cells
following exposure to methotrexate or 5-fluorouracil. Cancer Res. 33, 3086-3090 (1973).

29. Grogan, B. C,, Parker, J. B., Guminski, A. F. & Stivers, ]. T. Effect of the thymidylate synthase inhibitors on dUTP and TTP pool
levels and the activities of DNA repair glycosylases on uracil and 5-fluorouracil in DNA. Biochemistry. 50, 618-627 (2011).

30. Chavez-Alvarez, R., Chavoya, A. & Mendez-Vazquez, A. Discovery of possible gene relationships through the application of
self-organizing maps to DNA microarray databases. PLoS One. 9, €93233 (2014).

31. Yan, X,, Chen, D., Chen, Y. & Hu, S. SOM integrated with CCA for the feature map and classification of complex chemical
patterns. Comput Chem. 25, 597-605 (2001).

32. Wang, ], Bo, T. H., Jonassen, 1., Myklebost, O. & Hovig, E. Tumor classification and marker gene prediction by feature selection
and fuzzy c-means clustering using microarray data. BMC Bioinformatics. 4, 60 (2003).

33. Marks, D. C., Belov, L., Davey, M. W,, Davey, R. A. & Kidman, A. D. The MTT cell viability assay for cytotoxicity testing in
multidrug-resistant human leukemic cells. Leuk Res. 16, 1165-1173 (1992).

34. Ladner, R. D. et al. dUTP nucleotidohydrolase isoform expression in normal and neoplastic tissues: association with survival and
response to 5-fluorouracil in colorectal cancer. Cancer research. 60, 3493-3503 (2000).

35. Kawahara, A. et al. Higher expression of deoxyuridine triphosphatase (dUTPase) may predict the metastasis potential of
colorectal cancer. J Clin Pathol. 62, 364-369 (2009).

36. Ohyanagi, H., Nishimatsu, S., Kanbara, Y., Usami, M. & Saitoh, Y. Effects of nucleosides and a nucleotide on DNA and RNA
syntheses by the salvage and de novo pathway in primary monolayer cultures of hepatocytes and hepatoma cells. JPEN ] Parenter
Enteral Nutr. 13, 51-58 (1989).

37. Vaisman, B. L. [Determination of relative values of de novo biosynthesis and salvage pathway of thymidylate formation in rat
decidual tissue]. Biokhimiia. 43, 132-137 (1978).

38. ligo, M., Miwa, M., Ishitsuka, H. & Nitta, K. Potentiation of the chemotherapeutic action of 5’-deoxy-5-fluorouridine in
combination with guanosine and related compounds. Cancer Chemother Pharmacol. 19, 61-64 (1987).

39. Iigo, M., Kuretani, K. & Hoshi, A. Relationship between antitumor effect and metabolites of 5-fluorouracil in combination
treatment with 5-fluorouracil and guanosine in ascites sarcoma 180 tumor system. Cancer research. 43, 5687-5694 (1983).

40. Cho, Y. et al. Characterization of a dUTPase from the hyperthermophilic archaeon Thermococcus onnurineus NA1 and its
application in polymerase chain reaction amplification. Mar Biotechnol (NY). 9, 450-458 (2007).

41. Fazzone, W., Wilson, P. M., Labonte, M. ], Lenz, H. J. & Ladner, R. D. Histone deacetylase inhibitors suppress thymidylate
synthase gene expression and synergize with the fluoropyrimidines in colon cancer cells. Int | Cancer. 125, 463-473 (2009).

42. Gangjee, A., Qiu, Y., Li, W. & Kisliuk, R. L. Potent dual thymidylate synthase and dihydrofolate reductase inhibitors: classical
and nonclassical 2-amino-4-oxo-5-arylthio-substituted-6-methylthieno[2,3-d]pyrimidine antifolates. ] Med Chem. 51, 5789-5797
(2008).

43. Balinska, M., Szablewska, L, Janiszewska, D., Brzezinska, A. & Pawelczak, K. Effect of combined inhibitors of thymidylate
synthase-5-fluorodeoxyuridine and quinazoline antifolates on murine leukemia cells cultured in vitro. Anticancer Res. 17,
4519-4524 (1997).

Acknowledgements
This work is supported by Macao Science and Technology Development Fund (FDCT), Project No.
006/2015/A1.

Author Contributions

W.Z., EGX. and Z.H.J. conceived and designed the experiments, analysed the data and revised the
manuscript. JR.G., C.Y.W. and Q.Q.C. performed the experiments and drafted the manuscript. V.K.W.W.
and C.W.K.L. a reviewed the data and revised the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Guo, J. et al. Application of artificial neural network to investigate the effects
of 5-fluorouracil on ribonucleotides and deoxyribonucleotides in HepG2 cells. Sci. Rep. 5, 16861; doi:
10.1038/srep16861 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

CAE i mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16861 | DOI: 10.1038/srep16861 14


http://creativecommons.org/licenses/by/4.0/

	Application of artificial neural network to investigate the effects of 5-fluorouracil on ribonucleotides and deoxyribonucle ...
	Results

	Cell viability. 
	Discrimination of samples using FANN. 
	Discrimination of samples using SOM. 
	Effect of 5-FU on adenosine and deoxyadenosine pool sizes. 
	Effect of 5-FU incubation on uridine and deoxyuridine pool sizes. 
	Effect of 5-FU incubation on thymidine pool size. 
	Effect of 5-FU incubation on cytidine and deoxycytidine pool sizes. 
	Effect of 5-FU on guanosine and deoxyguanosine pool sizes. 

	Discussion

	Methods

	Chemicals and reagents. 
	LC/MS/MS Assay. 
	Cell Culture. 
	MTT assay. 
	Preparation of cell pellets. 
	Feed-forward artificial neural network (FANN). 
	Classification based on self-organizing maps (SOM). 
	Cell cycle analysis. 
	Preparation of cell extracts and measurement of dUTPase. 
	Western Blot analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ HegG2 MTT assay of 5-FU.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ HegG2 FANN results for 60 cell samples before and after 5-FU using concentrations of 27 ribonucleotide and deoxyribonucleotide Pools sizes as input variables.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Self-organizing map (SOM) analysis revealing an effect of -5FU on the RN and dRN pool sizes.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Feature maps of adenosine and deoxyadenosine pool sizes as input attributes.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Ratio of ATP/ADP (A) ATP/dATP (B) before and after incubation of HepG2 cells with 50 μM of 5-FU.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Feature maps of uridine and deoxyuridine pool sizes as input attributes.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Western blot analysis of the effect of 5-FU on expression of dUTPase.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Feature maps of thymidine pool sizes as input attributes.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Percent change in thymidine pool after incubation of HepG2 cells with 50 μM of 5-FU.
	﻿Figure 10﻿﻿.﻿﻿ ﻿ Feature maps of cytidine and deoxycytidine pool sizes as input attributes.
	﻿Figure 11﻿﻿.﻿﻿ ﻿ 5-FU induced cell cycle arrest at G2/M phase in HepG2.
	﻿Figure 12﻿﻿.﻿﻿ ﻿ Ratio of CTP/dCTP before and after incubation of HepG2 cells with 50 μM of 5-FU.
	﻿Figure 13﻿﻿.﻿﻿ ﻿ Feature maps of guanosine and deoxyguanosine pool sizes as input attributes.
	﻿Figure 14﻿﻿.﻿﻿ ﻿ Percent change in guanosine pool after incubation of HepG2 cells with 50 μM of 5-FU.
	﻿Table 1﻿﻿. ﻿  Levels of RN in HepG2 cell line before and after incubation with 5-FU at different time (pmol/106cell).
	﻿Table 2﻿﻿. ﻿  Levels of dRN in HepG2 cell line before and after incubation with 5-FU at different time (pmol/106cell).
	﻿Table 3﻿﻿. ﻿  General properties of HepG2 cell line before and after incubation with 5-FU at different times.



 
    
       
          application/pdf
          
             
                Application of artificial neural network to investigate the effects of 5-fluorouracil on ribonucleotides and deoxyribonucleotides in HepG2 cells
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16861
            
         
          
             
                Jianru Guo
                QianQian Chen
                Christopher Wai Kei Lam
                Caiyun Wang
                Vincent Kam Wai Wong
                Fengguo Xu
                ZhiHong Jiang
                Wei Zhang
            
         
          doi:10.1038/srep16861
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16861
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16861
            
         
      
       
          
          
          
             
                doi:10.1038/srep16861
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16861
            
         
          
          
      
       
       
          True
      
   




